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unidirectional  In  output  rotation  and,  therefore,  require  the  added  complexity 
of  a  reversing  transmission  or  a  reverelble-pltch  propeller.  This  study 
explores  the  feasibility  of  a  novel  reverse-turbine  concept  which  Is  configured 
to  adapt  to  existing  free-power  turbine  engines  without  additional  clutches  or 
separate  drive  trains.  This  device,  termed  the  ^Isolated  reverse  turbine, F  Is..-, 

(Continued  on  reverse  side) 


Rev  er  se-Tu  r  b i ne 
Gas  Turbines 
Marine  Propulsion 
Single-Shaft  Frigate 


DD  1473  COITION  OF  I  NOV  It  IS  OSSOLCTC 

s  N  0  in j- Oil- tin  I 


UMCIJVSSIFIED 

IICUWITV  CLMSIFICITIOM  OF  THIS  NIOC  (•*>•!<  Dm*  «i>lw»dl 


I 


fNCUASSIKlKl) 


»  Cl.  «tii> ic  « ' low  o>  iMit  i>»of 


(BloiV  20  continued) 


sized  tor  meeting,  that  most  demanding  maneuvi  r  tor  a  f  Ixed-|>i  tcli 
propeller-driven  frluate  or  destroyer,  nnnwly,  the  crash  reversal 
maneuver . 

niroujth  a  shlp-stopplnR  analysis  and  utilization  of  an  existing 
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the  turbines  examined  would  rc'suli  in  1*  to  21  steadv-siate  abcad-pow 
penalties,  Implvlnn  a  basic  acci'pt ab 1 1 1 f y  of  this  isolated  reverse- 
tyrblne  boncepl. 
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AHSTRACT 


Aircraft  gas  Hirblno  engines,  as  now  con¬ 
figured  lor  ship  propulsloti,  arc  unidirectional  in 
output  notation  and,  therefore,  require  the  added 
complexity  of  a  reversing  transmission  or  a 
reverslhle-pl tch  propeller.  This  studv  explores 
the  fe.isihi  1 1 1  y  ol  a  novel  reversi'-t  urhine  concept 
which  is  configured  to  adajit  to  existing  free-power 
turhlne  engines  without  additional  clutches  or 
separate  drive  trains.  This  device,  termed  the 
"Isol.ited  rev«'rse  turhlne,"  Is  sized  for  meeting 
that  moat  demanding  maneuver  lor  a  tixed-pltch 
propeller-driven  Irlgate  or  destroyer,  namely,  the 
crash  reversal  maneuver. 

Thri'ugh  a  ship-stopping  an.alysls  ami  utiliza¬ 
tion  of  an  existing  computer  program  for  the  design 
of  .ixi  .'ll -f  I  ow  turhlnes,  reverse-tvirhine  size  aiul 
)'er f vu'm.ince  limits  are  determined.  Avall.ahle 
windage  d.-ita  are  surveyed  and  summ.Jiized,  and  the 
ahe.ad-powcr  pen.altles  of  fovir  c.andld.ate  reverse 
turhlnes  .are  estimated.  The  vi.ahle  .al  lern.at  ivos 
Include  both  single-stage  and  two-stage  impulse 
turhlnes  sized  for  stopping  dist.inces  of  3  and  3.5 
ship  lengths,  respectively.  It  is  ctMicluded  that 
use  ot  the  turhlnes  examined  would  result  in  1%  to 
2X  St  e.ady-st  .at  e  .ahead -iiower  penalties,  Implying  a 
basic  acci'pt  .ah  1  1  1 1  V  of  this  Isol.atCii  reverse- 
turbine  conce)'t  . 

rhe  revers»'-t  urhlite  conci’pt  would  rei'lace  the 
tunctlo\t  ol  the  revi'rslng  ge.ar  or  the  reversible- 
pitch  propeller;  it  could  a  1  s<>  lamipli'iiient  elec- 
tric.allv  ai’lu.ateil  reverse  t  r.ansml  ss  i  on  hv  ellmln.at- 
ing  the  need  lor  hr.aklng  resistors  .and  switches, 
because  ot  the  pot  I'ul  l.al  Iv  wiile  .app  1  ic.ahl  1  i  ty  ol 
this  ri'versi'-l  urhin<’  concept,  it  is  recommendi'd 
tli.at  ,adii  i  I  i  on.a  1 1 V  substantiating  li.at.a  he  obtained 
to  demonstrate  t  lu'  I'r.ac  t  i  c.a  1  i  ty  ol  required  hard- 
w.tre  components.  Ku  1  1 -sea  1  e  development  is  nt't 
reconmu'ndi'd  .at  tills  tinu'  iH'c.iuse  tlu'  status  ol  the 
above-mentioned  .alternatives  has  not  beeit  fvilly 
ev.a  1  uat  ed  . 

AhM  1 N I STKAl'  1 VV:  IN TtiRMAT  1  ON 

Tlil.s  f  I'.as  i  b  1  1  1 1  V  .stuily  w.a.s  .acciimpl  Islied  undi'f  Wt’fk  Unit  1-2721-152, 
F.It'ment  b254  1N,  Task  Are.a  .SF4  1-4  12-301  ,  Task  12501.  The  work  was  done 
In  the  (has  Turbines  branch  ot  the  I’ower  .Systems  Oivlsion,  rropulslon  and 
Auxlll.arv  Systems  Oei'.artment  ,  Oavid  W.  T.avlor  Naval  Ship  Research  .and 


Deve  lopmtMit  Center,  tljnnij;h  siipi'ort  provUieii  by  the  Naval  Sea  Systems 
Command  (SEA  05R1  1,  Mr.  C.  1..  Miller). 

INTRODUCTION 

Aircraft  gas  turbine  englni-s,  configured  lor  ship  propul.sion,  are 
being  accepted  as  the  most  attractive  main  propulsion  unit  for  future  Navy 
nonnuclear  combatant  siilps.  One  of  the  drawbacks  of  using  these  engines, 
however,  is  the  fact  that,  in  tlielr  norm.il  configuration,  the  output  shaft 
of  these  engines  rotates  in  only  one  direction.  To  provide  ship  m.ineuver- 
ablllty,  including  ship  backing,  a  reversing  s\.-ti.m  such  as  a  reversible- 
pitch  propeller  would  be  requireil. 

The  reversible-pitch  propeller  system  is  50%  heavier  than  a  I ixed- 
pitch  system,  costs  about  tliree  times  as  much,  and  exacts  a  penalty  ol  3% 
to  10%  in  ahead  power  for  ship  installations  of  Interest.  T!\is  power 
penalty  is  attributed  to  the  added  propeller  resistance  caused  by  Increased 
hvib  diameter,  support  struts,  and  shafting  size  required  for  the 
controllable-pitch  propeller  mechanism. 

Reversing  alternatives  tliat  can  be  utilized  with  fixed-pitch 
propellers  are  the  reverse  transmission  or  the  reversing  engine.  Reversing 
transmissions  are  accomplished  mechani  i-a  I  1  y  or  electrically.  Tlio  Navy  is 
currently  considering  propos.ils  from  various  gear  manufacturers  to  do  pri'- 
llmlnary  design  work  on  reverse  gears.  Navy  development  programs  exist 
for  both  superconducting  at\d  advanced  normally  luinducting  electrical 
transmission  systems. 

The  purpose  of  the  present  ri'port  is  ti'  consiiler  the  feasibility  ot 
the  engine-reversing  option  by  an.ilyzing  a  p.ir  1 1  cu  I  ar  1  y  attractive  isolatt'd 
reverse-turbine  system  in  terms  of  ship-stopping  capaliility,  turbine  size, 
and  ahead-power  penalty. 

The  General  Electric  Company*’'^*  has  tlesigned,  built,  and  tested  a 
reverse-turbine  arrangement  where  the  ahead  and  reverse  turbines  are  in 
close  proximity  and  concentrically  arraitged  on  the  same  shat t  (see  Figure 
1) .  Stators  perform  the  required  valving  function  at  the  respective 


*A  complete  list  of  references  appears  on  i)age  IID. 


AHEAD  NOZZLE 


Flgurt'  la  -  Ahead  Mede 


Figure  lb  -  Astern  Mode 


Figure  1  -  General  Electric's  Direct-Reversing  Turbine  Arrangement 


turbine  entrances,  and  an  exhaust  flap  assembly  performs  the  required 
valving  function  at  the  turbine  exits.  Two  major  loss  mechanisms,  however, 
are  found  to  exist  in  this  type  of  arrangement;  (a)  Leakage  into  the 
reverse  turbine  (during  ahead  operation)  magnifies  its  windage  and  further 
reduces  the  ahead-turbine  output  power  due  to  mass  flow  reduction.  The 
nozzle  recesses  (notches  machined  into  ttie  ahead-turbine  stators  to  allow 
them  to  close  during  astern  operation)  caused  pressure  drops  during  ahead 
operations;  and  (b)  Flow  passage  modifications  at  the  ahead-turbine 
entrance  and  exit  cavise  additional  pressure  drops.  The  total  power  loss 
during  ahead  operation,  due  to  the  reverse  turbine,  is  on  the  order  of  9% 
at  full  power.  Clearly,  a  pen.alty  of  this  magnitude  would  nullify  the 
performance  gain  of  the  fixed-pitch  propeller,  although  there  may  be 
other  advantages  (cost  or  weight)  to  such  a  system.  Such  a  pow  r 
penalty  is  probably  typical  of  "piggyback"  reverse-turbine  configurations 
due  to  the  inherent  geometric  constraints  which  create  leakage  paths  and 
flow  discontinuities. 

Physically  isolating  ttie  reverse  turbine  from  the  aliead  turbine 
should  eliminate  or  minimize  most  of  tlie  loss  meclianisms.  Furtliermore , 
by  sizing  the  reverse  turbine  to  provide  only  the  torque  necessary  to 
meet  the  ship  requirements,  the  reverse-turbine  size,  and  therefore 
windage,  can  be  minimized.  An  isolated  turbine  can  also  be  clutched  to 
eliminate  windage,  but  this  adds  complexity  to  the  system. 

Two  ways  that  an  isolated  reverse  turbine  could  be  employed  in  a 
gas  turbine  propulsion  system  are  (a)  as  an  off-line  arrangement,  as  a 
separate  input  to  the  reduction  gear  (with  or  without  a  clutch),  and 
(b)  as  an  in-line  arrangement,  mounted  on  the  same  shaft  as  the  ahead 
turbine,  and  thus  Integrated  into  the  gas  turbine  engine  module.  The 
latter  approach  is  Judged  to  bo  the  most  attractive  since  it  lends  Itself 
to  standardization  (application  to  multiple  sliip  types)  and  it  imposes  no 
additional  constraints  on  naval  gearing  tlesign.  Clutching  of  this  in-line 
type  is  more  difficult  than  with  the  off-line  type.  Therefore,  a  hard 
coupling  with  minlmlzat ioi^  of  windage  losses  Is  necessary. 

The  turbine  performance  of  a  particular  in-line  reverse-turbine 
system  will  be  .analyzed  in  this  report.  The  an.alysis  emphasizes  the  deter¬ 
mination  of  reverse-turbine  torque  requirements  as  a  function  of  the  ship- 


stopping;  roqulromont s ,  the  development  of  parametric  turbine  performance 
and  sizing  data  for  one-  ami  two-stage  axial-flow  turbines,  and  windage 
estimates  of  several  selected  turbine  designs.  Taken  in  total,  this 
analysis  will  determine  the  performance  feasibility  of  the  isolated,  in¬ 
line,  reverse  turbine.  The  analysis  will  not  evaluate  the  other  compo¬ 
nents  necessary  to  complete  the  system. 

The  particular  in-line,  isolated,  reverse-turbine  system  of  interest 
is  described  in  the  patent  application  reproduced  in  Appendix  A.  As  showit 
In  Figure  2,  the  system  contains  (a)  an  inlet  valve  mechanism  which  inter¬ 
cepts  the  gas  flow  into  the  ahead  turbine  and  sends  it  to  tlie  astern 
turbine  through  the  bypass  ducting,  (b)  the  reverse  turbine  itself,  and 
(c)  a  posit lonable  exhaust  valve  which  blocks  flow  through  either  the 
ahead  or  the  reverse  turbine.  The  byiiass  ducting  contains  a  shutoff  valve 
which  prevents  leakage  flow  from  occurring  during  operation  of  the  ahead 
turb  ine . 

In  regard  to  turbine  torcpie  and  ship-stopping  requirements,  the 
analysis  includes  (a)  a  definition  of  the  characteristics  of  a  notional 
single-shaft  frigate  and  the  ahead  turbine,  (b)  the  selection  of  a  fixed- 
pitch  propeller  from  the  available  candidates,  whose  four-quadrant  torque 
and  thrust  clmracter ist Ics  are  known,  and  the  mapping  of  those  character¬ 
istics  as  functions  of  a  modified  advance  ratio,  (c)  the  definition  of  the 
sliip  propulsion  dynamic  equations  and  a  description  of  the  ship-reversing 
computer  program  necessary  to  establish  the  relationship  between  reverse 
torque  and  ship  stopping,  and  (d)  the  results  of  tlie  steady-state  aliead/ 
backing  performance  and  the  transient  results  for  the  crashback  case  of 
Interest,  Various  torque  levels  applied  to  the  shaft  by  the  reverse 
turbine,  and  tlie  resulting  stopping  distance,  are  determined.  Transient 
plots  of  ship  speed,  shaft  speed,  and  head  reach  are  made  for  various 
reverse-torque  levels  of  Interest. 

Parametric  reverse-turbine  design  data  is  developed  from  an  existing 
NASA*  computer  program  for  the  preliminary  design  analysis  of  axial-flow 
turbines.  The  inlet  conditions  to  the  reverse  turbine  are  fixed  by  the 


*A  complete  list  of  abbreviations  and  symbols  begins  on  page  x. 
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discharge  conditions  of  the  engine's  gas  generator.  Both  one-  and  two- 
stage  reverse  turbines  are  considered.  The  parametric  data  is  in  the 
form  of  astern  power  available  as  a  function  of  turbine  diameter  and 
design  speed.  Four  reverse-turbine  design  alternatives  are  considered  in 
detail.  The  alternatives  include  both  single-  and  two-stage  turbines 
sized  for  stopping  distances  of  3.5  and  5  ship  lengths. 

Existing  windage  data  are  surveyed,  the  configurations  examined,  and 
their  results  are  summarized.  Windage  calculations  of  the  four  reverse- 
turbine  alternatives  are  made  by  extrapolating  the  most  applicable  experi¬ 
mental  data  of  similar  turbine  configurations. 


SHIP-REVERSING  MODEL 

The  first  step  towards  demonstrating  the  feasibility  of  the  isolated 
reverse-turbine  system  involved  determining  the  reverse-turbine  torque 
needed  to  meet  the  stopping  distance  requirement  of  a  typical  gas-turbine- 
powered  combatant  during  a  crashback  maneuver.  The  present  analysis  is 
based  on  the  application  of  this  reverse-turbine  concept  to  a  notional 
single-shaft  frigate.  This  section  of  the  report  defines  the  ship, 
engine,  and  propeller  characteristics  of  the  study  ship.  Steady-state 
ahead  and  backing  performance  data,  as  well  as  transient  behavior  of  the 
ship  during  crashback  maneuvers,  is  obtained  from  a  propulsion  simulation 
developed  for  the  study  ship.  Tlie  results  of  several  crashback  simula¬ 
tions  demonstrate  the  effect  that  reverse-turbine  torque  and  time  lapse 
between  maximum  ahead  and  astern  torque  have  on  stopping  distance. 


STUDY-SHIP  CHARACTERISTICS 

The  design  details  of  the  study  ship  describe  a  notional  single¬ 
shaft  frigate  having  the  following  characteristics: 

450  ft  (137  m) 

50  ft  (15.2  m) 


Overall  length 
Maximum  beam 
Maximum  draft 
Full-load  displacement 
Main  propulsion  engines 


25  ft  (7.61  m) 

3600  long  tons  (3658  Mg) 
Two  LM2500  gas  turbines 
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Total  Installed  power 
Drive  train 
Propeller 


43,000  shp  (32  MW)  at  3600  rpm 

One  combining  LTDR  Rear 

One  five-b laded,  fixed-pitch 
screw 


Propeller  diameter  16.5  ft  (5.03  m) 

Maximum  speed  (full  load)  30  knots 

The  total  ship  weight  including  8%  entrained  water  is 


W  =  1.08  (3600X2240)  =  8.7  x  10^  lb  (3.95  Gg) 
s  ro 


and  the  ship  imiss  is 


2.7  x  105  Ib^-s^/ft 


(3.94  MN-s^/m). 


(1) 


(2) 


The  ahead  and  astern  ship  resistance  versus  ship  speed  are  shown  in 
Figure  3  for  the  study  ship's  assumed  operating  range  of  -21  to  +30  knots. 
To  satisfy  the  above  design  characteristics,  the  hull  resistance  at  a  ship 
speed  of  +30  knots  must  equal  the  thrust  acting  on  the  ship  when  the  total 
installed  power  is  delivered  to  the  drive  train.  The  ship's  powering 
requirement  also  reflects  the  wake  fraction,  thrust  deduction  factor,  and 
drive  train  losses.  A  value  of  0.98  was  assvimed  for  the  wake  fraction, 
which  means  the  propeller's  speed  of  advance  is  98X  of  ship  speed.  The 
thrust  deduction  factor  is  the  ratio  of  thrust  acting  on  the  ship  to 
thrust  developed  by  tlie  propeller.  If  thrust  is  being  developed  in  the 
ahead  direction,  a  thrust  deduction  factor  of  0.93  is  assumed;  if  thrust 
is  being  developed  in  the  astern  direction,  a  thrust  deduction  factor 
of  0.85  Is  assumed.  Figure  4  shows  the  assumed  frictional  losses  in  the 
mechanical  drive  train  as  a  function  of  propeller  rotative  speed  N  . 
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F igure 


SHIP  SPEED  (knots) 

-  Tot;il  Ship  Resistance  Versus  Ship  Speed 
for  Aliead  and  Astern  Directions 
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AHKAIl-Tl’RBINE  PERFORMANCE  CIUR^VCTERISTICS 

Tlu*  maiuif  ac  t  uror '  s  estimated  avera^o  engine  performance  for  the  IJ12500 
marine  nas  turbine^  is  reproduced  as  Figure  5,  a  plot  of  engine  brake 
horsepower  versus  power  turbine  speed.  Note  that  the  power  ratings  are 
based  on  Navy  standard  operating  conditions  for  shipboard  gas  turbines.  A 
simple  empirical  equation  for  ahead-turbine  performance  was  derived  from 
the  data  shown  in  Figure  5.  For  a  given  power  turbine  speed  and  specific 
fuel  consumption  (SFC),  a  value  of  brake  horsepower  was  recorded  (see 
Table  1).  Using  the  re  lat lonsliips  for  converting  brake  horsepower  (bhp) 
to  engine  torque  Q 


33,000  bhp 
2r  NPT 


and  for  converting  specific  fuel  consumption  to  fuel  flow  rate 

w^-  =  (bhp)  X  (SFC)  .  (4) 

a  plot  of  torque  versus  fuel  flow  rate  w^  is  generated.  The  data 

for  a  constant-power  turbine  speed  are  essentially  linear  and  can  be  fitted 
with  an  empirical  equation  of  the  form 


Q  =  ( aN  +  b )  w  -  +  cN  +  d .  ( 5 ) 

e  e  t  e 

For  Q  in  ft-lb,,  N  in  rpm,  and  w.  in  Ib/hr,  the  coefficients  in 
e  I  e  I 

Equation  (5)  are;  a  =  -0.000925,  b  =  8.25,  c  =  -2.5,  and  d  =  -2100.  For 

Q  in  N-m,  N  in  rpm,  and  w,-  in  kg/hr,  the  coefficients  in  Equation  (5) 
o  o  t 

are:  a  =  -0.002765,  b  =  24.66,  c  =  -3.3895,  and  d  =  -2847. 

Fl.KED-riTCH  PROPELLER  SELECTION 

Since  the  objective  of  this  study  was  to  prove  feasibility  of  a 
concept  rather  than  to  design  an  optimum  system,  a  rigorous  propeller 
design  process  based  on  the  study  ship's  characteristics  was  beyond  the 
scope  of  work.  Therefore,  propeller  selection  was  made  from  readily 
available  four-quadrant  open-water  data  for  several  fixed-pitch  propellers. 
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I  30,000 


25,000 


Figure  5  -  LN2300  Marine  Gas  Turbine  Estimated  Average 
Engine  Performance 


AHEAD-TURBINE  TORQUE  (ft-lb) 


TABLE  1  -  BRAKING  HORSEPOWER  DEVELOPED  FOR  LM2500 
MARINE  GAS  TURBINE  ENGINE  AT  INDICATED  POWER 
TURBINE  SPEED  (RPM)  AND  SPECIFIC 
FUEL  CONSUMPTION 


SFC  ^ 

( Ib/hp-hr) 

Braking 

Horsepower  Developed  (rpm) 

2,000 

2,500 

3,000 

3,600 

0.90 

2,500 

2,700 

3,100 

3,700 

0.70 

4,100 

4,300 

4,700 

5,650 

0.60 

5,850 

5,900 

6,450 

7,500 

0.55 

7,800 

7,300 

7,800 

9,000 

0.50 

13,400 

9,700 

10,000 

11,200 

0.47 

- 

12,200 

12,000 

13,300 

0.45 

- 

15,900 

13,900 

15,100 

0.43 

- 

- 

16,750 

17,400 

0.42 

- 

- 

18,500 

18,900 

0.41 

- 

- 

20,900 

20,600 

FUEL  FLOW  RATE  (kg/hr) 


Figure  6  -  Ahead-Turbine  Torque  Versus  Fuel  Flow  Rate  for 
Four  Constant-Power  Turbine  Speeds 
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AHEAD  TURBINE  TORQUE  (N-m) 


Ourlnn  the  Initial  scroonlng  of  those  propellers,  some  were  eliminated 
because  they  had  fewer  than,  or  more  than,  fives  blades;  others  were 
eliminated  due  to  their  hiRlily  skewed,  highly  raked  designs.  Thus  the 
selection  was  narrowed  to  three  of  the  several  fixed-pitch  propellers 
considered.  These  were  DTNSRDC  Propellers  4381,  4382,  and  4426. 

To  clioose  one  of  these  three  propellers,  the  ahe.ad-quadrant  open- 
water  data  (l.e.,  the  usual  thrust  aiul  torcpie  coefficients  versus  advance 
coefficient)  were  examlnetl.  The  aiivance  cot'fflclent  J  is  defined  as 


J  -  V  /N  1) 
a  p  p 


(6) 


where  the  speed  of  advance  of  the  propeller  for  a  ship  speed  of  30  knots  is 


=  1.680  (0.98)  (30)  -  49.7  Ips  (13.1  m/s) 


(7) 


aiul  the  propeller  diameter  is  16.5  It  (3.03  m) .  Given  the  definitions 
of  the  thrust  coefficient  K.j, 


S’ 


—  N  O 
L  '’c 


(8) 


and  the  torcpie  coefficient  K 


111. 

■i  ‘ 

I’  P 


p  2  3 

N  0 


(9) 


tlie  propeller  efficiency  may  be  expresst'd  in  terms  of  K.^,,  K  ,  <ind  J  as 


T  V 
‘p  ''a_ 

2  V  ’n  "  'q 

p  <p 


J  K.J. 
Yti'  K. 


(10) 
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The  of  f  t  c  I  one  los  tit  OTNSRIfC  Propellers  4381  ,  4382,  and  4426  were  computed 
and  plotted  with  tlirusl  coefficient  as  a  function  of  advance  coefficient 
in  Fi>^uro  7.  Tlu-  results  indicate  that,  for  a  nlvon  advance  coefficient, 
DTNSRIHl  Proiioller  4426  has  about  a  2%  higher  efliciency  than  the  other 
propellers.  However,  all  three  propellers  could  meet  a  propeller  effi¬ 
ciency  requirement  of  71%  at  full  power.  The  advance  coefficient  .1  is 
0.85  for  OTNSRnC  Propeller  4426,  which  from  Kquation  (.6)  defines  the 
rotational  spi-i-d  of  the  propeller  as 

N  -  V  /J  D  =  3.54  rps.  (11) 

pap 

Thus,  the  reduction  gear  ratio  (ratio  of  engine  ovitpul  speed  to  propeller 
speed)  is  .ipproxlmately  17:1.  DTNSRDC  Prt>iH’llers  4381  and  4382  have  <an 
efficiency  ot  71%  at  a  higher  advance  coefficient  (d  =  0.92);  therefore, 
the  rotational  speed  ot  these  propellers  would  he  slightly  less  (n  “  3.27 
rps)  and  the  reduction  gear  ratio  is  approximately  18:1.  Since  either  of 
these  three  propellers  could  satisfy  our  stuily  ship's  characteristics 
by  simply  adjusting  tlie  reduction  gear  ratio,  DTNSRDC  Propeller  4426  was 
arbitrarily  selected  for  this  analysis. 

During  an  actual  ship  design  tradeoff  .inalysis,  the  naval  architect 
would  consider  many  factors  other  than  open-water  thrust  and  torque 
characteristics  before  selecting  a  particular  propeller.  Such  factors, 
not  considered  in  our  selection,  would  Include: 

1.  Ihill  and  machinery  vibrations 

2.  Propeller  blade  loads 

3.  Reduction  gear  size  and  weight 

4.  Delay  of  cavitation  inception. 

However,  it  Is  not  e.\pected  that  ship-stopping  distances  will  be  signifi¬ 
cantly  affected  by  selection  of  one  or  another  of  these  propellers. 

PROPEl.l.KR  THRUST  AND  TORQUE  CHARACTERISTICS 

The  fixed-pitch  propeller  thrust  and  torque  characteristics  are 
represented  as  modified  thrust  and  torque  coefficients  versus  a  modified 
advance  ratio  X.  The  modified  advance  ratio  is  nondimenslonal  and  is  based 
on  the  velocity  vectors  at  the  propeller's  mean-thrust  dl.ameter  (0.7  • 
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(12) 


By  substituting  the  deflnltluns  of  O,  K^,  and  K.q  into  the  above  equations, 
the  second  modified  thrust  and  torque  coefficients  may  be  expressed  in 


familiar  terms: 


2  2  2 
(0.771)“^  N  ^  D  T 

_ E _ JL _ D _ 

-  D  * 

4  /  P  P  r 


A.8A  T 


d  r 


0  2  2 
(0.771)*-  N  D  Q 
_ P  P  P 

A  /  P  p  ^2g^  I  r 


A. 84  Q- 


„  A ,  D  V  ‘ 

2  d  p  r 


Using  Kquations  (18)  through  (20)  and  the  open-water  data  given  for 
DTNSRDC  Propeller  A426,  the  second  modified  thrust  and  torque  coefficients 
were  calculated.  Open-water  data  was  not  given  in  the  region  of  o's 
between  iO.ll.  Expressions  for  locked-shaft  thrust  and  torque  were  used 
to  calculate  C.j,  and  at  a  second  modified  advance  coefficient  equal  to 
zero.  Smooth  curves  were  faired  between  0=0  and  0  =  ±0.11.  Figures  8 
and  d  are  plots  of  second  modified  thrust  and  torque  coefficients  versus 
tlie  second  modified  advance  coefficient  O. 

SHIP  PROPULSION  EQUATIONS 

The  steady-state  and  dynamic  propulsion  equations  are  the  final 
ingredients  of  the  mathematical  model.  Under  steady-state  conditions, 
the  net  power  of  the  propulsion  system  must  equal  zero: 


No.  of  engines 
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Figure  8  -  Second  Modified  Thrust  Coefficient  Versus 
Second  Modified  Advance  Ratio 


Figure  9  -  Second  Modified  Torque  Coefficient  Versus 
Second  Modified  Advance  Ratio 


whore 


«  outpvit  power  per  engine 
»  power  absorbed  by  the  propeller 
P^  “  friction  losses  in  the  transmission. 

Similarly,  the  net  thrust  ^''1  tbe  proinilsion  system  must  equal  zero 

under  steady-state  conditions: 

T  -  (T  •  TDK)  -  R  -  0  i2A) 

net  'p's  ' 

where 

”  propeller  thrust 

TDK  =  thrust  deduction  factor 
R^  “  total  ship  resistance. 

It  is  apparent  from  earlier  discussion  that  iiet  power  and  net  thrust  are 
Implicit  functions  of  engine  output  speed  and  ship  velocity. 

I’nder  transient  conditions  the  net  power  and  net  thrust  are  not  equal 
to  zero  but  are  governed  by 


During  a  crashback  maneuver,  both  engines  arc  In  operation.  The  Inertia 

■1 

I  of  the  propulsion  drive  train  was  assumed  to  he  DpOD  lb  -ft*"  (46,780 

m 

kg-m*")  when  referred  to  engine  output  speed. 

SHIP-RKVF.RSINO  COMPUTKR  PRlXlRiVM 

The  .system  of  mathematical  equations  previously  discussed  was  pro- 
gr.immed  for  finite-difference  solutions  on  the  Control  Data  Corporation 
(CDC)  6700  digital  computer.  An  Iterative  approach  Is  used  to  determine 
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solutions  for  the  two  independent  variables,  engine  output  speed  and 

ship  speed.  Correct  values  are  found  only  when  the  definitions  of  the 

two  dependent  variables,  net  power  P  and  net  thrust  T  ,  are  satis- 

ne  t  net 

fied  within  a  finite  tolerance.  A  modified  Newton-Raphson  technique  is 
employed  to  ensure  fast  and  reliable  convergence.  The  initial  program¬ 
ming  dealt  witli  development  and  verification  of  the  steady-state  calcula¬ 
tions  in  the  computer  program.  However,  the  primary  goal  in  this  effort 
was  to  develop  a  computer  program  with  dynamic  capabilities  which  could 
then  be  used  to  evaluate  the  ship-stopping  characteristics  of  a  reverse 
turbine.  Details  of  this  computer  program,  including  flow  charts, 
nomenclature,  progr.im  listing,  and  input/output  examples,  are  given  in 
Appendix  B.  Attention  is  given  now  to  steady-state  and  transient  results 
obtained  using  the  ship-reversing  computer  program. 

STEADY-STATi;  AHEAD  /V\D  BACKING  SHIP  PEREORM/VNCE 

The  ship-reversing  computer  program  was  first  used  to  calculate  the 
ship's  aliead-power  characteristics  between  idle  and  design  engine  speeds. 
In  the  steady-state  ahead  mode,  the  input  to  the  ship-reversing  computer 
program  includes  a  specified  fuel  flow  rate  per  engine  and  initial  guesses 
for  the  engine  output  speed  and  sliip  speed.  Solutions  for  seven  ahead 
operating  poiqts  were  calculated.  The  results  are  summarized  in  Figures 
10  and  11,  which  show  ship  velocity,  ahead  turbine  power  and  torque,  fuel 
flow  rate  per  engine,  propeller  speed  of  advance,  propeller  thrust  and 
torque,  and  propeller  efficiency,  all  as  functions  of  ahead-turbine  speed. 

Subsequently,  the  ship-reversing  computer  program  was  used  to  calcu¬ 
late  the  study  ship's  backing  characteristics  across  the  range  of  engine 
operating  speeds.  In  the  steady-state  backing  mode,  the  astern-turbine 
torque  is  specified,  and  initial  guesses  for  engine  output  speed  and 
ship  speed  have  negative  values.  Solutions  for  six  steady-state  points 
in  the  backing  quadrant  were  calculated.  The  results  are  shown  in 
Figures  12  and  13. 
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TRANSIENT  RESULTS 

The  steady-state  data  shown  in  Figure  12  indicates  that  a  backing 
ship  speed  of  15  knots  is  easily  achieved  with  twin  4000  shp  (2984  kW) 
reverse  turbines.  In  addition  to  providing  steady-state  backing  power 
to  the  propeller  shaft,  the  reverse  turbine  must  also  provide  sufficient 
torque  to  rapidly  stop  and  reverse  the  rotation  of  tl\e  ship's  entire  drive 
train  during  a  crashback  maneuver.  In  this  investigation,  a  sufficient 
level  of  reverse-turbine  torque  is  assumed  to  be  that  required  to  stop  the 
ship  from  full-ahead  to  dead  in  the  water  speed  with  an  accompanying  head 
reacli  not  to  exceed  5  ship  lengths.  Head  reach  is  the  term  used  to  denote 
the  distance  traveled  by  the  ship  during  the  period  of  time  between  initi¬ 
ation  of  the  crashback  maneuver  and  actual  stopping  of  the  forward  motion 
of  the  ship. 

The  results  of  this  investigation  will  show  that  a  reverse  turbine 
designed  to  stop  the  study  ship  in  5  ship  lengths,  as  opposed  to  3.5 
lengths,  will  have  the  advantages  of  smaller  diameter,  therefore  lighter 
weight  and  lower  cost,  and  lower  windage  loss  during  ahead  operations. 

The  ship-reversing  computer  program  was  used  to  calculate  transient 
ship  behavior  by  defining  the  engine  torque  characteristics  as  a  function 
of  time.  The  results  of  a  trial  run  to  simulate  the  sliip's  coastdown 
behavior  after  chopping  the  power  are  shown  in  Figuie  14.  The  decrease 
in  .ihead-t urbine  torque  during  the  power  drop  is  modeled  as  a  10-s  ramp. 
The  engine  output  speed  decreases  rapidly  from  3600  to  2300  rpm  in  these 
first  10  s;  then  the  windmilling  effect  of  the  ship  as  it  drags  the 
propeller  through  the  water  causes  the  engine  output  speed  to  decrease  at 
a  much  slower  rate.  After  an  elapsed  time  of  100  s,  the  ahead  turbine 
is  still  rotating  at  900  rpm.  The  momentum  of  the  ship  is  so  great  that 
its  forward  speed  is  approximately  11  knots  at  100  s.  During  this 
time  period,  the  ship  has  traveled  a  distance  greater  tlian  3000  ft 
(914  m). 
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SHIP'S  HEAD  REACH  (ft) 


ELAPSED  TIME  (s) 

Figure  lii  -  Simulated  Transient  Results  During  Ship 
Coastdown  After  Drive  Power  is  Cut 

I 

To  simulate  a  craslibaok  maneuver,  a  four-part  engine  torque-versus- 
time  function  was  devised.  The  four  parts  represent  (a)  a  period  of 
decreasing  (positive)  ahead-turbine  torque,  (b)  an  intermittent  period  of 
zero  torque  when  gas  generator  discharge  is  being  diverted  from  the  ahead 
turbine  to  the  astern  turbine,  (c)  a  period  of  increasing  (negative) 
astern-turbine  torque,  and  (d)  a  period  of  maximum  astern-turbine  torque. 
Several  crasliback  maneuvers  were  simulated  to  determine  the  effect  of  this 
torque-versus-t ime  characteristic  on  ship-stopping  distance.  Figures  15 
through  18  show  ttie  effect  of  varying  the  maximum  astern-turbine  torque 
from  50%  to  100%  of  tliis  initial  design  ahead  torque.  The  time  lapse 
between  maximum  ahead  and  astern  torques  was  25  s  in  these  four  cases. 
Figures  19  and  20  show  the  effect  of  cutting  the  time  lapse  to  12.5  s. 

The  results  of  these  six  crashback  simulations  are  summarized  in  Table  2. 
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SHIP'S  HEAD  REACH  (h) 

SOO  1000  1500  1750  2000  2094  -  MAXIMUM 


'iguro  13  -  Simulaicd  TransUnt  Results  of  a  Cr.ishha'-k  Maneuver,  Run 

SHIP'S  HEAD  REACH  (ft) 


500  1000  1500  1750  1836  -  MAXIMUM 


igure  16  -  Simulated  Transient  Results  of  a  Crashback  Maneuver,  Run 


SHIP'S  HEAD  REACH  (ft) 


I' Igiiro  17  -  S  imu  I  aLdl  Traixslont.  oV  a  Crashlinck  Nantnivor,  Run  3 

SHIP'S  HEAD  REACH  (ft) 


Kl^>uru  18  -  Slmulali'il  Transii'nl  Rosulls  of  .i  Crashliaok  Manoiivor,  Run  i 
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SHIP'S  HEAD  REACH  (ft) 


500  1000  1500  1750  1881  -  MAXIMUM 


SHIPS  HEAD  REACH  (ft) 

500  1000  1500  1593 -MAXIMUM 


'inni'i’  20  -  S  iniii  I  n  t  i'<l  Triinsiont  Ri'f.ults  ol  a  (O'a.shliaik  Maiu'uvi'r,  Riiii  (' 
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TAHl.K  2  -  SUMMARY  OF  RESULTS  FOR  CRASHBACK  SIMULATIONS 
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Till'  ri'siilts  lit  Rim  1  slu'W  that  ri-vorsi’  t  iirhliU's  having  SOX  of  tho  lioslun 
ahoail  torqiio  ooiiKl  stop  tho  stiuiy  ship  in  A. US  ship  longths,  which  Is 
sllp.htly  hotter  than  tho  accoptahlo  hoad  roach.  Runs  1  through  4  show 
tliat  Increasing  tho  astern  toupio  to  100%  of  design  ahead  tori]no  will 
reduce  the  ship-stopping  distance  to  3.52  ship  lengths.  riie  results  ot 
Runs  5  and  6  demonstrate  the  henellt  of  bringing  the  .astern  turbine  up  to 
m.iximum  ton|ue  in  the  shortest  possible  |>erli’il  ol  time.  By  cutting  in 
half  the  time  Lapse  between  m.axlmum  ahead  and  astern  toripies,  the  ship¬ 
stopping  dlst.ance  can  be  reduced  by  halt  a  shli’  length.  Thus,  a  short 
ship-stopping  reiiuirement  can  be  achieved  with  a  reverse  turbine  having 
lower  torque  and  sm.aller  diameter,  it  the  reversing  actuation  Is  rapid 
(l.e.,  approximately  12  s) . 

Ouring  e.ach  crashb.ack  simulation,  negative  shall  power  Is  shown 
during  a  period  when  speed  and  torque  ol  the  reversi'  turbine  have  opposite 
signs.  This  Implies  that  the  Inertia  of  the  decelerating  ship  fnot  the 
engines)  is  driving  the  propeller  .and  that  energ,y  Is  absorbed  aerody¬ 
namical  ly  by  the  backw.ards  spinning  reverse  turbine  (air  brake). 
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Thi’  typical  ship  application  analysis  p,avc  sonic  insiy\l\t  into  tlic 
ilcslgn  point  toninc  aiul  s)H'cii  nccitcii  In  a  reverse  tnrhlne  to  meet  steady- 
state  backing!  and  transient  slitp-stopplnp,  ri'iin  I  rement  s .  The  second  step 
towards  demonstrating,  the  leasihility  ol  the  isolated  reverse-tnrhlne 
system  involved  preliminary  design  ot  the  n’verse  tnrhine.  investigating 
tlie  effect  ot  ship-stopping  ri'nii  1  ri'ment  on  reverse-tnrhine  geometry  was  of 
partlcnlar  interest.  Tliis  section  ot  the  report  discnssi's  the  computer 
i'rogram  used  lor  axial-fli>w  fnrhliu'  design,  tin'  p.ir.imet  rlc  results  genera¬ 
ted  tor  one-  and  two-stagi'  impulse  turbines,  and  the  tmir  alternative 
reverse-tnrhine  designs  selected  for  further  investigation.  Based  on  the 
r.ipid  response  ol  the  I.M2S()0  gas  generator,  a  time  lapse  for  reverse- 
tnrhine  .activation  t  imel  of  .about  1 ,1 .  S  s  l-s  a  reasonable  assumption. 

Umler  thesi'  c  I  reumst  .ances ,  a  minimum  level  ol  reverse-turbine  toripu'  ol 
1(1, 0(1(1  It-lhj  (11,^)()(1  N-m)  is  needed  to  sti'i'  the  ship  in  I  ship  lengths. 
I'wlce  this  levi'l  ot  torque  would  In'  neeilcil  to  stop  t  hi'  shli'  in  1 . 1  shii' 
lengths . 

AXIAI.-FI.OW  TURBINK  HK.SICN  ANAI.YSIS 

The  reverse-t  urh  i  ne  designs  were  gener.ated  using  a  computer  progr.am 
developed  hv  NASA  lor  preliminary  design  analysis  ot  axtal-tlow  turbines.' 
The  turbine  design  comput  .at  I  ons  ari'  based  on  me.an-d  iami't  er  I  low  properties 
and  do  not  allow  lor  radt.al  gradients.  Specilled  Inputs  to  the  progr.am 
are  pressure  ratio,  mass  I  low  rate,  inlet  t  I'mi’erat  ure  and  pressure, 
turbine  loss  coelllcient  .and  the  gas  propertii’s.  Tlu'  inli't  .and  exit  t  1  (’ 
diameti'rs,  and  the  exit  hnb-lo-tip  radius  ratio  .an'  v.arli'il  to  detetmlne 
the  rrqutri'd  revi'rse-turbine  geometry  for  .a  givet\  ouliuit  power  .and  spei'd. 
(lomput.at  ions  .are  performed  lor  .any  specilled  number  ol  stages  and  lor  anv 
of  three  types  of  velocity  dl.agrams  (symmetrical,  zero  I'xlt  swirl,  or 
Iminilsc).  The  progr.am  output  includes  Inlet  .and  exit  .annulus  dimensions, 
exit  temper.ature  .and  pri'ssure,  tot.al  .atul  static  I'l  (  i  c  lenc  ies ,  bl.ading 
.angles,  and  I.ast-st.age  critical  velocity  r.atlos. 


Till-  ill  lot  t  i’ni\'orat  iiro ,  pi'ossiiro,  aiiii  mass  flow  lato  ol  tho  vovorso 
tiirbiiu'  woro  »iol  liioil  by  tlu’  lilsoliar^o  ooiulltioiis  of  tho  lJi2500 
goiiorator.  Tbo  t'porat  1  ii^  point  was  solootoii  noar  ‘lOZ  y.as  gonorator 
spooii  wliioli  y;avo: 

1.  InU't  ti'tal  prossuro  •  48. psia  (137  kl’a) 

.  Inlot  total  tomporatiiro  ”  R  (10b7  K) 

1.  Mass  t  low  lato  •  118.8  lb  /s  Cil.^  kp,/s)  . 

ni 

Tbo  solootoil  oporat  inp,  point  of  tlio  pas  ponorator  puts  tbo  prossuro 
r.it  lo  in  tin-  no  i  plibiirbinnl  ol  3.2,  liopomlinp  npiin  tbo  prossuro  ilrop  in  tbo 
bypass  ibu'tinp  aiul  t  b»’  I'xbaust  iluct  lossos.  Tbroi-  i  mlopoiuiont  variablos 
woro  variod  in  tbo  rovorso-turbino  dosipn  analysis  lo  paramotrloal ly  dotor- 
niiiu'  t  111’ I  r  ol  loots  on  output  powor.  Rotational  siu’ods  ol  IbOO,  UHH),  2400, 
.ind  1800  rpm  woro  oonsidi'rod;  til'  dl.'imotor  w.is  variod  I  rom  24  to  b(l  in. 

(til  to  r'2  om)  .  and  oxit  bub-to-tip  radius  r.itio  was  variod  from  0.1  to 
0.‘>.  Anotbor  oons 1 doiat 1  on  in  tbo  analvsis  was  wbotbor  to  uso  symmotrioal, 
7.oro-ox  1 1 -swi  1  1  .  or  impulso  bladinp  in  tbo  rovorso  turbfno.  Fipuro  21 
shows  tbo  ol  loots  ol  spood  work  par.amotor  on  tbo  st.ipo  roaotion  iind  oxit 
swirl  obaraot  or  1  si  i  os  ol  oaob  typo  ol  bladinp.'*  I'bo  spood-work  p.aramotor 
I  s  do  I i nod  as 
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7.oro-oxi  I -swl  r  1  bladinp  is  soldom  usod  wbon  tbo  spood-work  paramoti'i  is 
loss  Ilian  I'.’’,  lo  avoid  pi'tonl  tally  bipb  lossos  assooiatod  with  nopal  ivo 
stapo  ro.iotlon.  booauso  sw’lrl  volooitv  dooroasos  stapi’  work,  impulso 
b  I  ail  i  lip  is  soldi'iii,  il  ovor,  usod  wbon  tbo  spood-work  parar.H'ti'r  is  pioatoi 
tban  11.3.  Tbo  pood  stapo  roaotion  ol  svmmotrioal  bladinp  is  obar.iotor is- 
tlo  ol  bipb  total  otiiolonov,  maklnp  tbis  tvpo  ol  bladinp  attraolivo  lor 
stapos  wboro  oxit  swirl  is  not  a  loss  (snob  as  tbo  trout  .iiid  middlo 
st.ipos  of  a  multistapo  turblno).  I'bo  ranpo  of  Input  data  in  tbis  dosipn 
analvsis  is  snob  that  tbo  spood-work  paramotor  is  oonslstontly  loss  tban 
(1.3;  tbus,  impulso  blailinp  was  solootod  lor  tbo  rovorsi'  turbino.  To  mlni- 
mlzo  s I ^o ,  oost  ,  and  ooinploxitv  on  1 v  slnplo-  and  two-stapo  turbinos  wilbout 
oxit  puido  vanos  woro  oonsidorod. 
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SPEED  WORK  PARAMETER  A 


Figure’  21  -  Stage  Reaction  and  Kxlt  Swirl  Versus 
Speed-Wi'rk  Parameter 


Tlie  results  obtained  with  tlie  axial-llow  turhine  design  program  are 
summarized  in  Figures  22  and  23  tor  single-  and  two-stage  impulse 
turbines,  respectively.  Note  that  tor  a  given  design  point  speed  and 
power,  the  two-stage  turbine  has  a  substantially  smaller  tip  diameter 
than  the  single-stage  turhine.  Depending  upon  the  particular  speed  and 
pv>wer  in  question,  the  difference  between  tip  diameters  may  range  from 
25X  to  30%  smaller.  An  advantage  of  the  two-stage  turblite  may  be  lower 
windage  loss;  however,  geometric  constr.aints  must  be  considered  also. 


OUTPUT  POWER  (10^  hp) 


TIP  DIAMETER 


Figure  23  -  Astcrn-Turblno  Power  Versus  Speed  for 
Two-Stage  Axial-Flow  Impulse  Turbines 
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In  going  from  a  single?  stage  to  two  stages,  the  length  of  the  reverse 
turbine  obviously  increases.  The  two-stage  turbine  having  a  small  tip 
diameter  may  also  have  a  hub  diameter  that  is  too  small  to  be  mounted  on 
the  output  shaft  of  the  LM2500  gas  turbine. 

REVERSE-TURBINE  DESIGN  ALTERNATIVES 

The  results  of  the  transient  analysis  have  shown  that  the  astern- 
turbine  torque  requirement  and  therefore  turbine  size  is  significantly 
influenced  by  how  rapidly  the  reverse  turbine  can  be  brought  on-line  and 
by  what  ship-stopping  distance  is  required.  Figure  24  is  a  plot  of 
astern  torque  requirement  versus  stopping  distance  for  a  12.5-  and  25-s 
time  lapse  between  ahead  and  astern  maximum  torques.  Note  that  rapidly 
bringing  the  reverse  turbine  on-line  Is  more  critical  for  shorter  stopping 
distances.  In  this  investigation,  four  alternate  designs  for  the  reverse 
turbine  will  be  presented.  The  alternatives  include  both  single-  and  two- 
stage  turbines,  sized  for  stopping  distances  of  3.5  and  5  ship  Ungths. 

Tlie  alternate  designs  are  designated  as  reverse-turbine  Models  I  tlirough 
IV.  Models  1  and  II  have  approximately  10,000  ft-lb^.  (13,5bO  N-m)  of 
astern  torque,  and  if  brought  on-line  in  12.5  s  can  stop  the  30-knot  sliip 
in  5  ship  lengths.  Models  III  and  IV  have  approximately  20,000  ft-lb^. 
(27,120  N-m)  of  astern  torque,  .ind  it  brouglit  on-line  in  12,5  s  can  stop 
the  30-knot  ship  in  3.5  sliip  lengths.  As  Indicated  in  Figure  24,  the 
stopping  distance  of  Models  III  and  IV  increases  to  4.1  ship  lengths 
if  brought  on-line  in  25  s  instead  of  12.5  s.  Models  I  and  111  are 
single-stage  turbines,  while  Models  II  and  IV  are  two-stage  turbines. 

The  details  for  those  four  alternate  designs  were  generated  with  the 
axial-flow  turbine  design  program.  The  inlet  mass  flow  rate,  pressure, 
and  temperature  remain  the  same  as  those  given  earlier,  and  a  ilesign  point 
speed  of  2150  rpm  was  selected  based  on  the  cumulative  results  of  the 
transient  cases  having  12.5-s  time  lags.  As  shown  in  Figure  25,  a  steady- 
state  backing  velocity  of  15  knots  corresponds  to  an  astern-turbine  speed 
of  2150  rpm.  Allowing  a  small  margin  for  ahead  windage  loss,  the  power 
requirement  Is  about  4500  slip  (3357  kW)  for  Models  I  and  II,  and  about 
8500  slip  (6341  kW)  for  Models  III  and  IV.  Our  previous  turbine  sizing 
calculations  indicate  that  Model  1  is  a  27 . 5-in. -di.amcter  (69.9-cm), 
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single-stage  turbine;  Model  II  is  a  22-in. -diameter  (55.9-cm),  two-stage 
turbine;  Model  III  is  a  45-in. -diameter  (114-cm),  single-stage  turbine; 
and  Model  IV  is  a  30. 5-in. -diameter  (77.5-cm),  two-stage  turbine.  The 
inlet  and  exit  annulus  dimensions,  exit  temperature  and  pressure,  total 
and  static  efficiencies,  blading  angles,  etc,  for  the  four  alternate 
reverse-turbine  designs  are  given  in  Table  3.  As  a  result  of  minimizing 
the  diameter  of  the  reverse  turbines,  the  static  efficiencies  are  all 
below  40%.  In  this  application,  however,  efficiency  of  the  reverse 
turbine  is  not  important  as  long  as  sufficient  reversing  torque  is 
available.  Some  of  the  data  shown  in  Table  3  will  be  used  to  calculate 
the  torque-versus-speed  characteristic  and  the  windage  loss  associated 
with  each  reverse-turbine  design. 

TABLE  3  -  ALTERNATIVE  REVERSE-TURBINE  DESIGNS 


I 

Model  11 

Ill 

Mi^del  IV  1 

Number  of  Impulse  Stvtxes 

1 

2 

1 

2 

Inlet-Fxlt  Tip  DiAmt'Cer,  In.  (cm) 

27. i  (bQ.a^) 

22  (55.88) 

45  (114.3) 

30.5  (77.47) 

Inlet  Hub  Diameter,  in.  (cm) 

13.75  04.925) 

9.21  (23.  393) 

33.75  185.725) 

19.84  (50, 394) 

Exit  Hub  Diameter,  In.  (cm) 

13.75  (34,925) 

4.4  (11.176) 

33.75  (85.725) 

12.2  (30.988) 

Shaft  Power,  hp  (kU) 

4501  (3356) 

4562  (3402) 

8567  (6388) 

8537  (6366) 

Rotational  Speed,  rpm 

2150 

2150 

2150 

2150 

Exit  Total  Temperature,  '^R  (K) 

1826  (1014) 

1825  (1014) 

1741  (967) 

1742  (967) 

Exit  Static  Temperature,  °R  (K) 

1520  (844) 

1538  (854) 

1552  (862) 

1573  (874) 

Exit  Total  Presaure,  pala  (kPa) 

32.78  (226) 

31.13  (215) 

24.65  (170) 

23.32  (I6l) 

Exit  Static  Preaaure,  psia  (kPa) 

15.28  (105) 

15.28  (105) 

15.28  (105) 

15.28  (105) 

Stator  Exit  Angle,  deg 

53.68 

35.95 

66.19 

55.17 

Stage  Exit  Angle,  deg 

-47,  30 

-30.27 

-55.73 

-46.68 

Rotor  Inlet  Angle,  deg 

50.75 

33.20 

61.82 

51.  31 

Rotor  Exit  Angle,  deg 

-50.75 

-3^.20 

-61.82 

-51 .  )1 

Total  Efficiency,  X 

53.3 

48 . 2 

61.3 

So.  9 

Static  Efficiency,  X 

20.0 

20.3 

38.2 

38.0 

First-Stage  Mean  Speed,  ft/s  (m/s) 

194  (59.1) 

146  (44.5) 

369  (112) 

236  (71.9) 

I.ast-Stage  Me.m  Speed,  ft/s  (m/s) 

194  (59.1) 

124  (37.8) 

369  (112) 

200  (61.0) 

Last-Stage  Inlet  Swirl,  ft/s  (m/s) 

1926  (587) 

1268  (386) 

2097  (639) 

i5:s 

Last-Stage  Exit  Swirl,  ft/s  (m/s) 

-1539  (-‘»69) 

-1020  (-311) 

-1358  (-414) 

-1128  (-344) 

Last-Stage  Axial  Velocity,  ft's  (m/s) 

1415  (431) 

1748  (533) 

925  (282) 

1064  (324) 

Exit  Axial  Hach  H^tmber 

0.76 

0.94 

0.49 

J 

0.56 

REVERSE-TL'RBINE  TORQUE  VERSUS  SPEED 

In  the  transient  analysis  of  the  reverse  turbine's  ship-stopping 
capability,  it  was  assumed  that  the  reverse  turbine  was  a  constant  torque 
device.  In  tact,  tlie  torque  of  a  turbine  rotor  varies  with  rotor  speed. 
The  torque-versus-speed  characteristic  can  be  calculated  from  the  turbine 
stage's  velocity  diagram  because  net  rotor  torque  is  proportional  to  the 
difference  between  rotor  inlet  and  exit  swirl  velocities: 


Q 


m  D 

- in.  (V 

28c 


(28) 


Three  sets  of  velocity  diagrams  shown  in  Figure  26  include: 

1.  Case  1  -  Positive  rotor  tip  speed;  U  =  200,  Q  = 

2.  Case  2  -  Zero  rotor  tip  speed;  U  =  0,  Q  =  Q., 

3.  Case  3  -  Negative  rotor  tip  speed;  U  =  -200,  Q  =  Q^. 

Since  the  stator  angle  a.  is  constant,  the  rotor  inlet  swirl  vector  (V  ) 

1  Uj 

has  the  same  magnitude  in  all  three  cases.  However,  the  n\agnitvjde  of 

the  rotor  exit  swirl  vector  V  increases  as  rotor  tip  speed  decreases. 

^2 

For  the  velocity  diagrams  in  this  e.xample,  the  rotor  torque  increases  by 
a  factor  of  1.33  as  tip  speed  decreases  from  U  =  200  to  U  =  0: 


-  ‘^OO  -  (-400) 
Qj  “  400  -  (-200) 


and  rotor  torque  when  U  =  -200  is  1.66  times  the  rotor  torque  when  U  = 

200.  Thus  the  torqxie-versus-speed  characteristic  obtained  is  linear. 

Using  this  approach,  the  torque-versus-speed  characteristic  was 
determined  for  each  of  the  reverse-turbine  designs  described  in  Table  3. 
The  results  shown  in  Figure  27  indicate  that  conservative  ship-stopping 
distances  should  be  obtained  when  torque  of  the  reverse  turbine  is  assumed 
to  be  constant.  In  actuality,  the  astenx  torque  could  be  as  much  as  20% 
higher  at  times  during  the  simulated  crash  reversal.  Repeating  crash 
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Figure  27  -  Astem-Turbine  Torque  Versus 
Astern-Turbine  Speed 


reversal  Run  6  (Table  2)  with  reverse-turbine  torque  as  a  function  of  speed 
demonstrated  that  our  previous  assumption  was  reasonable.  In  a  worst-case 
situation,  the  difference  between  calculated  head  reach  was  less  than  A%. 
This  insensitivity  of  head  reach  is  largely  due  to  the  relatively  flat 
torque-versus-speed  characteristic  of  these  inefficient  reverse  turbines. 

WINDAGE  LOSSES 

The  third  step  towards  demonstrating  the  feasibility  of  the  hard- 
coupled,  isolated,  reverse-turbine  system  involved  estimating  the 
backwards-rotation  windage  loss  for  each  of  the  four  alternative  reverse- 
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turbine  designs.  For  the  particular  arranKement  referred  to  here  as  the 
"Isolated  reverse-turbine  system,"  several  turbine  windage  losses  have  a 
significant  Impact  on  the  feasibility  of  the  system.  In  defining  the 
reverse-turb Ine  power  requirement,  windage  loss  of  the  backwards-spinning 
ahead  turbine  must  be  considered  In  addition  to  the  crash  reversal  torque 
requirements  of  the  ship.  By  minimizing  the  ahead-turbine  windage,  the 
size  of  the  reverse  turbine  Is  kept  small.  Since  the  Isolated  reverse 
turbine  Is  mounted  i>n  the  engine's  output  shaft.  It  rotates  backwards 
during  operation  of  the  ahead  turbine,  and  Its  windage  loss  represents  a 
penalty  on  the  ahead  turbine's  performance.  A  clutch  could  be  Included 
In  the  system  If  a  significant  penalty  on  ahead-turbine  performance  is 
Incurred,  but  the  cost  and  com|)lexlty  of  the  system  would  be  increased. 
Thus,  the  attractiveness  of  this  reversing  system  depends  largely  upon 
minimizing  the  wiintage  losses  of  both  the  ahead  and  reverse  turbines.  This 
section  of  the  report  summarizes  existing  empirical  correlations  for 
windage  loss  of  turbine  rotors,  dismisses  the  reverse-turbine  windage  loss 
calculations,  and  also  gives  the  estimated  windage  loss  for  the  ahead 
turbine  when  running  In  reverse. 

'niRBINK  ROTOR  WINDACF, 

The  power  requlreil  to  spin  a  turbine  rotor  under  conditions  of  no 
through  fli'w  Is  referred  to  as  windage  or  rotation  losses.  Mathematical 
expressions  for  windage  loss  are  usually  given  as  a  function  of  mean  blade 
speed,  blade  height,  me;in  rotor  diameter,  and  ambient  density.  A  propor- 
tloanllty  constant  is  Includeil  to  account  for  other  variables  such  as 
direction  of  rotation  (forward  or  backward),  turbine  configuration  upstream 
;ind  downstre.-im  from  the  rotor,  blade  aspect  ratio,  Reynolds  number,  and 
Mach  number.  A  literature  search  for  turbine  rotor  windage  Information 
uncovered  references  dating  as  far  back  as  the  early  1900's.  In  a  classic 
steam  turbine  text,  Stodola^’  published  the  results  from  a  series  of 
experiments  he  coiulucted  to  "clear  up  the  questions"  stemming  from  these 
earliest  windage  loss  stuilles.  A  smooth  disk  measuring  0.157  In.  (0.399 
cm)  thick  and  21,  In.  (53.7  cm)  In  diameter,  and  five  turbine  rotors 
with  tip  diameters  ranging  from  2I.4ib  to  A9.8  In.  (5A.5  to  126.5  cm)  were 
tested  by  Stotlola.  Details  pertaliilng  to  the  geometry  of  these  five 
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rotors  aro  given  In  Table  4.  The  two  test  configurations  Included  a 
single  rotor  running  In  eltlier  free  (open)  air  or  In  an  enclosure 
designed  to  prevent  the  circulation  of  surrounding  air.  The  windage  loss 
lor  backward  as  well  as  lorward  running  was  determlneii  lor  a  number  of  the 
rotors . 


TABl.K  4  -  ROTORS  USKl)  IN  ST0I)01j\'S  WINDACK  TKSTS^’ 


Turbine 

Rotor 

Tip 

11  lame  ter 

in. 

(cm) 

blade 

Height 

in. 

(cm) 

blade  ' 
Width 

In . 

Mean 

lUamcter 
in . 

-Cti").  . 

Ratio  of 
blade  Height 
to  Mean 
n 1 ame  ter 

A 

21.457 

(54.5) 

0.787 

(2.00) 

0.787 

(2.00) 

20.670 

(52.5) 

0 . 0  38 

B 

24.567 

(62.4) 

2 . 162 
(6.00) 

0.787 

(2.00) 

22.205 

156.4) 

0.106 

C 

28.425 

(72.2) 

0.9b  5 
(2.45) 

0.787 

(2.00) 

27.460 

(69.75) 

0.0  15 

11 

17.008 

(*14.0) 

1.081 

(2.75) 

0.984 

(2.50) 

15.925 

(91.25) 

0 . 0  10 

F. 

40.801 

(126.5) 

2.165 

(5.50) 

0.9H4 

(2.50) 

47.6  18 
(121.0) 

0.045 

The  results  of  Stodola's  wlmlag.e  tests  art'  summar  1  .-.eil  in  Table  'i .  based 
I'll  thest'  results,  several  conclusit'ns  wi're  drawn: 

1.  Wliulage  loss  t'l  tllsks  or  rott'rs  increases  approx! m.it  e  1  y  as  the 
tlilrd  piiwer  of  rtUatlonal  speeii. 

2.  A  roti>r  running  in  tree  air  has  a  eons ider.ib  1  y  Itlgher  windage 
loss  than  the  same  rottir  running  Ip.  an  enclosure. 

J.  For  rough  cc>mparlson  of  results,  the  ft>l  lowing  em]-' 1  r ic.a  1  toniuila 
is  usetl : 


Wl, 


t 


(2^1) 


where  •  tip  ili.ameter  (ft),  1)^  »  t  l\i  speetl  (fps),  and  Wl,  is  measured  In 
hp.  In  these  expi'r Iments  the  density  o  ot  the  surrountllng  g,as  was  0.0700 
iiVft^. 


X 
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A.  Windage  loss  of  an  open  rotor  running  backwards  is  5  to  6  times  as 
great  as  running  it  forwards. 

5.  Windage  loss  of  an  enclosed  rotor  running  backwards  is  only  1.2 
times  as  great  as  running  it  forwards. 

6.  Enclosing  the  rotor  blades  alone  eliminates  most  of  the  windage 
loss,  and  very  little  improvement  is  gained  by  enclosing  the  entire  rotor 
(disk  and  blades) . 

More  recent  and  more  comprehensive  tests  on  rotor  windage  losses  have 
been  reported  by  Suter  and  Traupel.^  Their  data  are  more  useful  than 
data  from  other  sources,  because  rotors  from  modern  turbines  were  tested 
by  a  systematic  variation  of  the  geometrical  configuration.  As  shown 
in  Table  6,  a  total  of  11  rotor  configurations  were  tested,  including  8 
single-stage  and  1  two-stage  arrangements.  The  test  apparatus  consisted 
of  a  wheel  having  a  hub  diameter  of  approxlm.ite 1 y  23  in.  (59  cm).  Blades 
of  varying  height  and  axial  chord  were  attached  to  the  wheel.  The 
smallest  to  the  largest  blade  height  r;\nged  from  1.0  to  3. A  in.  (2.5  to 
8.6  cm).  A  narrow  series  and  a  witle  series  of  blades,  having  axial 
chords  1  and  2  in.  (2.A5  and  A. 9  cm),  respectively,  were  tested.  The 
forward  and  reverse  rotational  speed  of  the  wheel  could  be  varied  between 
500  and  3200  rpm.  The  results  obtained  during  these  windage  tests  were 
used  to  determine  values  for  the  coefficient  C  in  the  following  equation: 

1-a.  =  7^  ^  n  e  u  ^  .  (30) 

k  2  m  g  m 
p  c 

For  each  rotor  arrangement,  the  value  ol  this  ciu'fficient  was  plotted  as 
a  function  of  blade  helght-to-mean  diameter  ratio  for  these  conditions: 

1.  Forward  rotation  of  the  narrow  series  of  blades 

2.  Backward  rotation  of  tlie  narrow  series  of  blades 

3.  Forward  rotation  of  the  wide  series  of  blades 

A.  Backward  rotation  of  the  witle  series  of  bl.-ules. 


TABLE  5  -  STODOIJV'S  WINDAGE  TEST  RESULTS^ 


Direct  ion 

ivn 

Tip 

Windage 

Tost 

Tost  Com!  1 1  ions 

of 

Max 

Speed 

Loss 

3* 

Rot  at  Ion 

rpm 

fps 

hp 

(m/s) 

(kW) 

1 

Smooth  Olsk,  open 

Forw.'ird 

— 

2000 

184.7 

- S - C - j 

0.  147 

0.265 

(56.3) 

(0.110) 

2 

Rotor  A,  open 

Forward 

2200 

206.0 

0.536 

0.265 

(62.8) 

(0.400) 

i 

Rotor  A,  open 

Backward 

2100 

196.5 

2.518 

1.432 

(59.9) 

(1.878) 

4 

Rotor  A,  enclosed 

Forward 

2200 

206.0 

0.292 

0.145 

(62.8) 

(0.218) 

5 

Rotor  B,  open 

Forward 

2100 

225.1 

1.849 

0.535 

(68.6) 

(1.379) 

(■> 

Rotor  B,  enclosed 

Forward 

2100 

225.1 

0.704 

0.203 

(68.6) 

(0.524) 

7 

Rotor  B,  enclosed 

Backward 

2200 

235.9 

0.912 

0.229 

(71.9) 

(0.680) 

8 

Rotor  C,  open 

Forward 

2200 

273.0 

1.762 

0.213 

(83.2) 

(1.314) 

i) 

Rotor  D,  open 

Forward 

1650 

258.2 

2.303 

0.194 

(78.7) 

(1.718) 

10 

Rvitor  D,  open 

Backward 

750 

121.1 

1.501 

0.389 

(36.9) 

(1.120) 

Rotor  E,  open 

Forward 

980 

213.0 

2.894 

0.240 

(64.9) 

(2.159) 

12 

Rotor  E** 

Forward 

1650 

358.6 

3.850 

0.067 

(109.3) 

(2.872) 

13 

Rotor  E** 

Backwiird 

1400 

304.1 

3.068 

0.087 

(92.7) 

(2.289) 

14 

Rotor  E,  enclosed 

Forward 

1400 

304.1 

2.130 

0.620 

(92.7) 

(1.589) 

*Coefflcient  for  U.S 

Customary 

Units 

only . 

**Oiitcr  6.3  In.  (16.0 

cm)  of  rotor  enclosed  rather  than  the 

on tiro 

whee  1 . 

TABLE  6  -  SUMMARY  OF  SUTER  AND  TRAUPEL?  WINDAGE  TEST  RESULTS 


rpMt  At  r 4itK**'***nt 


An  •ttKfl'M'nt  r  l('t  i>> 


VaIui'm*  t<l  ('  [  WtnJii^v  h|> 

ton  _  _  _  _ 

Forwitt.t  J  H.i.  kward  [  .  .  I” 


a 

ff 


B 


Dff 


l'ov«*rt'd  upMtn-.im  Aiut 
downvttf^m 


Sln^lf- S(  Ri'tot 

I  0.0.’.* 


I 


('i>v«>rt'i1  ul'Htti'am  4nd 
I  r«'f  dowitttc  rt‘4in 


Kr«‘e  iipHi  rt'4n  4n*1 

•iownMt  r<’<un 


0|'rn  MtAttM  upt«(i«-Am 
411(1  I  dowiiNt 


t>p»*n  NtAt«>r  iipNtri'.ii 
Amt  •towiiHtrrAm 


I  i>.i 


Kn(  loHvii  At  At  or  iipAi  r*‘Ani 
•nut  frpr  i1>'WiimI  ro.im 


Kill'  loHtPit  At  At  or  tipAl  rt'Ani 
And  S'VVVk  H.tAtO\ 


Knc  losoil  At  Ai  or  A  up  At  ro.-tm 
Aiul  lloVTIAtroAn 


o.o;  \ 


\  .4N 
(I.aM) 


19 

(A.o:) 


H.  )6 
«).2k) 


b.O! 


••.66 

{U.73) 


^.^6 

tA.|t9) 


S.66 


S.66 

(4.22) 


2.2^ 

() .6H) 


i  7.(Mt 
(12.74) 


61.11 

(4S.60) 


47. 6S 

(n.iO) 


h4.95 

( n.so) 


40.46 

(10.20) 


40.46 

(10.16) 


4«t.46 

(  10.  lt») 


TW.‘-StA^i'  K«'toi 


. 1 

:  f 

ii 

^  - 

Kloo  upAtroAM  And 
d.vwiiAt  Tr.m 


Covoimi  npAltvAiR  And 
down«tr^Ain  of  botli  ii'torA 


1 1 .69 

IH.  7.’) 


Kni  lOAOil  A(At«'t  upAttrAR'.  i 
At, Hot  loiAtoil  6#iwooii 
rotoTA,  .ind  ttrr  .1i«wiia1  roAW 


0 . 0^0  j  1 . 96 

1  (2.9S) 


12.14 

(9.06) 


8*., *>8 

t6  1. 84) 


4.  SO 

(1.  16) 


64.  71 
(48.29) 


*V.t)urA  fttvrn  .  oi  r**Aponil  t.'  a  (b'D  )  TAtto  •  0.018  in»l  («  0  »  t.itti'  -  0.12,  vaIuoa  Air  AppllcAMr  to 
botti  t'.H.  ('uAt('niArv  And  fnrlrlt  AVAtrm  .-f  unit*. 


•♦WliidAjir  loAA  |4  i'AlmlAtrd  iiAtnK  kquAtt<«ii  ('0)  toi  a  i.m.m  liAvtnK  a  m,*.<n  dtAAirtrr  0  •  10  tn.  And 
Apri'd  •  2000  rpm  if  •  262  fpA).  tVnAttv  of  fbr  aui  r  .Mind  Inii  aIi  .  ,iA«itnird  to  ho  0.07S  Ih/lt'. 


1  1.U16  10  1.6  0.0'S 


SS0l2)  12  12  l.'.U 


(262)  •  89.9  H  i' 
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ian  example,  the  coefficients  for  a  narrow  blade  having  “  0.12  were 

ed  to  calculate  the  windage  loss  of  a  30-ln.  (76,2-cm)  rotor  running  both 
rwards  and  backwards  at  2000  rpm.  The  values  of  the  coefficient  and  the 
rresponding  windage  loss  are  given  in  Table  6.  In  general,  Suter  and 
fctaupel's  results  support  the  conclusions  drawn  from  Stodola's  work  done 
t  least  30  years  earlier.  The  variety  of  rotor  configurations  studied 
y  Suter  and  Traupel  provide  additional  insights  into  windage  losses: 

1.  The  ideal  method  for  minimizing  windage  loss  is  to  completely 
nclose  the  rotor,  but  this  arrangement  may  be  difficult  to  attain  within 
an  engine. 

2.  Blockage  of  one  side  of  a  single-stage  rotor  (arrangement  a-f) 
greatly  reduces  its  "open-air"  windage  loss,  particularly  if  rotated 
backwards. 

3.  Even  the  presence  of  a  stator  upstream  (arrangement  0-f)  decreases 
windage  loss  by  25%  and  an  added  stator  downstream  of  the  rotor  (arrange¬ 
ment  o-o)  further  reduces  the  windage  loss. 

4.  Blockage  upstream  from  the  first  stator  in  a  single-  or  two- 
stage  rotor  can  reduce  windage  loss  during  backward  rotation  by  as  much 
as  one  third  that  of  the  free  rotor. 

The  General  Electric  Company,  while  designing  the  GE-MARAD  "piggyback- 
bucket"  direct-reversing  turbine,  recognized  the  importance  of  the 
windage  loss  of  the  astern  element  during  aliead  operations.  A  lack  of 
both  theoretical  analysis  and  pertinent  test  data  prompted  General 

g 

Electric  to  conduct  a  series  of  special  windage  tests  in  1963.  As 
shown  in  Table  7,  five  different  arrangements  were  tested.  Windage  loss 
was  measured  for  each  arrangement  running  at  forward  and  backward  speeds 
between  2400  and  3600  rpm.  The  following  empirical  formula  was  used  to  fit 


the  test  results: 


WL  (hp)  =  k  p 


\100/ 


where 


2 

A  »  turbine  exit  annulus  area  (in  ) 
a 

U  *  mean  blade  speed  (fps) 
m 

3 

p  *  density  of  surrounding  fluid  (Ib^/ft  ). 


As  an  example,  the  coefficients  for  a  narrow  blade  having  ^•/D^  “  0.12  were 
used  to  calculate  the  windage  loss  of  a  30-ln.  (76.2-cm)  rotor  running  both 
forwards  and  backwards  at  2000  rpm.  The  values  of  the  coefficient  and  the 
corresponding  windage  loss  are  given  in  Table  6.  In  general,  Suter  and 
Traupel's  results  support  the  conclusions  drawn  from  Stodola's  work  done 
at  least  30  years  earlier.  The  variety  of  rotor  configurations  studied 
by  Suter  and  Traupel  provide  additional  insights  into  windage  losses: 

1.  The  ideal  method  for  minimizing  windage  loss  is  to  completely 
enclose  the  rotor,  but  this  arrangement  may  be  difficult  to  attain  within 
an  engine. 

2.  Blockage  of  one  side  of  a  single-stage  rotor  (arrangement  a-f) 
greatly  reduces  its  "open-air"  windage  loss,  particularly  if  rotated 
backwards. 

3.  Even  the  presence  of  a  stator  upstream  (arrangement  0-f)  decreases 
windage  loss  by  25%  and  an  added  stator  downstream  of  the  rotor  (arrange¬ 
ment  o-o)  further  reduces  the  windage  loss. 

A.  Blockage  upstream  from  the  first  stator  in  a  single-  or  two- 
stage  rotor  can  reduce  windage  loss  during  backward  rotation  by  as  much 
as  one  third  that  of  the  free  rotor. 

The  General  Electric  Company,  while  designing  the  GE-MARAD  "piggyback- 
bucket"  direct-reversing  turbine,  recognized  the  importance  of  the 
windage  loss  of  the  astern  element  during  ahead  operations.  A  lack  of 
both  theoretical  analysis  and  pertinent  test  data  prompted  General 

g 

Electric  to  conduct  a  series  of  special  windage  tests  in  1963.  As 
shown  in  Table  7,  five  different  arrangements  were  tested.  Windage  loss 
was  measured  for  each  arrangement  running  at  forward  and  backward  speeds 
between  2A00  and  3600  rpm.  The  following  empirical  formula  was  used  to  fit 
the  test  results: 

WL  (hp)  •  k  p  (^)  ^  A^  (31) 

where 

2 

A  ®  turbine  exit  annulus  area  (in  ) 
a 

U  “  mean  blade  speed  (fps) 
m 

3 

D  «  density  of  surrounding  fluid  (lb  /ft  ). 

m 
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TABLE  7 


SUMMARY  OF  GE-MARAD  WINDAGE  TEST  RESULTS 
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The  similarity  between  Equations  (30)  and  (31)  is  easily  shown  by 
defining  the  exit  annulus  as 


A 

a 


14A1T 


14471  (D„  +  ll)‘ 

m 


(D  -  ly 

m 


=  14477  D  i  (32) 

m 

and  substituting  this  expression  into  Equation  (31)  to  obtain 

U  \3 

m)  •  (33) 

The  mean  diameter  and  blade  height  £  are  in  feet.  Again  in  1972,  "no¬ 
leak"  windage  experiments  were  conducted^  for  the  particular  astern  airfoil 
geometry  used  in  General  Electric's  direct-reversing  turbine.  As  shown  in 
Table  7,  six  configurations  were  tested  using  the  same  rotor  but  varying 
the  axial  spacing  between  the  rotor  and  its  upstream/downstream  enclosures. 
The  results  of  these  windage  tests  can  be  described  by  Equation  (33)  also. 
The  magnitude  of  the  proportionality  constant  k  is  given  for  each  arrange¬ 
ment  running  forward  and  backward.  The  results  obtained  by  General  Electric 
show  trends  similar  to  those  reported  by  Suter  and  Traupel.  Arrangement  A 
in  Table  7  is  comparable  to  arrangement  o-f  in  Table  6.  Based  on  Suter  and 
Traupel's  results,  the  windage  loss  of  a  rotor  arrangement  like  o-f  having 
a  moan  diameter  -  30  in.  (76.2  cm),  an  =  0.12,  and  a  mean  blade  speed 

«  262  fps  (79.86  m/s)  is  6.02  hp  (4.49  kW)  running  foiTrfard  and  47.65  hp 
(35.55  kW)  running  backward  (sec  Table  6).  If  the  windage  loss  calcula¬ 
tion  for  this  same  rotor  is  based  on  General  Electric's  data,  the  result 
is  4.17  hp  (3.11  kW)  running  forward  and  52.17  hp  (38.92  kW)  running 
backward.  Thus,  both  studies  agree  that  the  pumping  action  of  an  open 
rotor  running  backward  produces  intolerable  windage  losses.  Arrangement  B 


WL  (hp)  =  144k  77  D  ip 

TO 
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in  Table  7  is  comparable  to  arrangement  a-f  in  Table  6.  Forward  and  back¬ 
ward  windage  losses  for  arrangement  a-f  are  5.39  and  17.08  hp  (4.02  and 
12.74  kW) ,  respectively.  Comparable  values  of  windage  loss  for  Arrangement 
B  are  3.19  hp  (2.38  kW)  running  forward  and  17.24  hp  (9.13  kW)  running 
backward.  Thus,  both  studies  agree  that  the  pumping  action  of  the  rotor 
can  be  significantly  reduced  by  blocking  one  side  of  the  rotor.  The  GE- 
MiVRAD  test  results  for  the  remaining  arrangements  show  the  effect  that 
axial  distance  between  rotor  and  enclosures  has  on  windage  loss.  Figure  28 
is  a  plot  of  windage  loss  coefficient  versus  sum  of  the  upstream  and  dowji- 
stream  distances.  The  results  also  show  that  windage  of  one  rotor  (1963 
data)  may  be  more  sensitive  to  the  sum  of  distances  than  another  rotor 
(1972  data).  Thus,  to  be  safe  the  distance  between  rotor  and  enclosures 
should  be  kept  to  a  minimum. 


0  2  4  6  •  10 

SUM  OF  THE  UPSTREAM  AND  DOWNSTREAM  DISTANCES 
BETWEEN  ROTOR  AND  ENCLOSURES  (in  I 


Figure  28  -  Windage  Loss  Coefficients  kp  and  k^  Versus  Sum  of  the 
Upstream  and  Downstream  Distances  Between  Rotor  and  Enclosures 
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In  suirar.iry,  this  discussion  of  turbine  rotor  windage  studies  has 
served  several  useful  purposes: 

1.  It  has  shown  that  the  geometry  of  a  rotor  and  Its  surroundings 
have  a  significant  effect  on  the  magnitude  of  the  windage  loss. 

2.  It  has  suggested  through  comparisons  of  empirical  results,  ways 
to  deslgi.  for  minimum  windage  loss. 

3.  It  has  provided  a  basis  for  estimating  the  windage  loss  of  the 
isolated  reverse  turbine. 

REVERSE-TURBINE  WINDAGE 

After  analyzing  the  windage  loss  data  of  Stodola,  Suter  and  Traupel, 
and  General  Electric,  it  was  decided  to  base  the  reverse-turbine  windage 
calculations  on  Suter  and  Traupel 's  empirical  results.  There  were  three 
reasons  for  this  selection: 

1.  Suter  and  Traupel 's  experiments  are  the  most  comprehensive  single 
source  of  windage  loss  data  and  Include  data  for  a  variety  of  test  arrange¬ 
ments  and  blade  geometries. 

2.  Suter  and  Traupel  looked  at  both  single-  and  two-stage  rotors. 

3.  Predictions  based  on  Suter  and  Traupel 's  results  were  the  most 
conservative  (higher  windage  loss) . 

Unfortunately,  none  of  the  previous  windage  studies  tested  rotors  with  an 
li/D^  ratio  greater  than  0.13.  As  the  design  data  given  in  Table  3  indi¬ 
cates,  the  U./D  ratio  of  the  various  reverse-turbine  rotors  varies  from 
m 

0.145  to  0.666.  Therefore,  it  was  necessary  to  extrapolate  Suter  and 

Traupel 's  data  in  order  to  obtain  a  windage  loss  coefficient  in  this  high 

?/D  region.  It  was  assumed  that  test  arrangemeiit  a-f  would  most  resemble 
m 

the  two-stage  reverse  turbines.  Using  the  proper  coefficient  and  dimen¬ 
sions,  the  windage  loss  for  each  of  the  four  reverse  turbines  was  calcula¬ 
ted.  The  results  were  plotted  as  a  function  of  ahead-turbine  speed  (see 
Figure  29).  The  drawings  shown  in  Figure  29  illustrate  the  relative  hub 
diameters  and  blade  heights  of  the  four  reverse-turbine  designs.  Axial 
dimensions  are  not  drawn  to  scale.  Since  the  mean  diameter  and  mean  blade 
speed  are  lower,  the  combined  windage  of  the  rotors  in  the  two-stage 
turbines  is  less  than  the  windage  of  a  single-stage  turbine  having  the 
same  output  power.  The  lower  penalty  on  ahead-turbine  performance  due  to 
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reduced  windage  loss  must  be  weighed  against  the  added  lengtii,  weight,  cost, 
and  complexity  of  the  two-stage  reverse  turbine.  Also,  the  small  exit  hub 
diameter  of  the  two-stage  turbines  may  not  be  compatible  with  the  diameter 
of  the  engine  output  shaft.  The  results  do  show  that  as  one  strives  for 
shorter  ship-stopping  distances,  the  reverse  turbine  must  get  larger,  and 
as  the  reverse  turbine  grows  in  size,  its  windage  loss  increases  exponen¬ 
tially.  If  the  isolated  reverse  turbine  is  to  have  minimal  effect  on  ahead- 
turbine  performance,  it  must  be  sized  for  tlie  maximum  allowable  ship-stopping 
distance . 


MODEL  M 
4b00  hp 
(3357 


MODEL  I 
4&00  hp 
13357  kW) 


MOD^ L IV 
8500  hp 
(6341  hWI 


MODEL  IK 
8500  hp 
(6341  k/K 


Figure  29  -  Reverse-Turbine  Windage  boss 
Versus  Ahead-Turbine  Speed 


AHEAD- TURBINE  WINDAGE 


To  properly  size  the  reverse  turbine,  the  windage  loss  of  the  ahead 
turbine  running  backwards  and  the  crash-reversal  torque  requirements  of 
the  ship  must  be  considered  together.  In  this  case  the  ahead  turbine  is 
the  six-stage,  low-pressure  turbine  in  the  LM2500  marine  gas  turbine.  The 
empirical  results  given  earlier  do  not  apply  to  a  six-stage  turbine.  How- 

9 

ever,  a  curve  was  found  in  the  literature  which  gives  the  estimated  "no¬ 
leak"  windage  losses  for  the  LM2500  low-pressure  turbine  running  forward. 
That  curve  is  reproduced  here  as  Figure  30.  Note  that  at  the  design  speed 
of  the  reverse  turbine  (2150  rpm) ,  the  windage  loss  is  approximately  700 
hp  (522  kW)  for  forward  rotation. 


0  SOO  1000  1600  2000  2600  3000  3600  4000 

LOW^RESSURE  TURBINE  SPEED  (rpml 

Figure  30  -  Ahead-Turbine  Windage  Loss 
Versus  Ahead-Turbine  Speed 
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WINDAGE  LOSS  (kWI 


The  curve  also  makes  a  strong  case  for  having  a  low-speed  reverse  turbine. 
The  windage  loss  for  backward  rotation  will  be  higher.  How  much  higher 
depends  on  which  set  of  empirical  data  the  estimate  is  based.  The  results 
plotted  in  Figure  28  have  shown  that  the  backwards  rotation  loss  can  be 
1.0  to  1.6  times  the  forward  rotation  loss.  The  empirical  results  of 
Stodola  and  others  also  imply  that  the  windage  loss  of  the  LM2500  low- 
pressure  turbine  would  be  reduced  by  enclosing  it  as  in  the  isolated 
reverse-turbine  arrangement.  Thus,  in  determining  the  astern-turbine  power 
requirement,  windage  loss  of  the  ahead  turbine  was  assumed  to  be  500  hp 
(373  kW)  for  enclosed,  backwards  rotation  at  2150  rpm.  The  ahead-turbine 
windage  loss  represents  11%  of  the  output  power  of  reverse-turbine  Models 
1  and  II,  and  represents  5.8%  of  the  output  power  of  reverse-turbine 
Models  III  and  IV.  An  ahead-turbine  designed  for  minimum  windage  loss 
during  astern-turbine  operation  would  have  less  impact  on  the  size  of  the 
reverse  turbine  than  the  six-stage  LM2500  power  turbine. 


DISCUSSION 

This  report,  through  dynamic  analysis  of  ship-stopping  requirements 
and  utilization  of  an  existing  axial-flow  preliminary  design  computer 
program,  provides  turbine  size  and  performance  characteristics  for  applica¬ 
tion  to  an  isolated  reverse-turbine  system.  The  system  considered  can 
be  adapted  to  the  exhaust  elbows  and  output  shafts  of  existing  marine  gas 
turbine  engines  and  employed  for  crash  reversal,  nuineuvering ,  and  backing 
of  gas-turbine-driven  ships.  The  analysis  teclinique  provides  tradeoff 
information  which  allows  the  designer  to  quantify  the  relationships 
between  ship-stopping  capability,  windage  penalty,  and  reverse-turbine 
complexity.  The  final  design  of  a  hard-coupled,  isolated,  reverse- 
turbine  system  represents  a  compromise  between  major  i actors  whicli  have  a 
direct  impact  on  the  overall  feasibility  of  the  system.  During  this  study, 
these  factors  have  been  identified  as: 

1.  head  reach  requirement 

2.  level  of  astern  torque 

3.  activation  time  for  the  reverse  turbine 

4.  losses  in  ahead  performance 

5.  cost  and  complexity. 
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1(1(1-:;  er.ash  reversal  tr.ansient  w.as  .an.alv/eil  in  (1.l-,s  (ime  ineiements  tto  .i 
I’onverpi’nee  toU’i.anee  ot  (1 .  (1(1 1 )  in  ol  eompiKer  exeiullon  (ime,  .((  .a 

i’o:;t  ol  .ihou(  . 

Tin’  ;;(oppinp  ilislanee  I'l  the  ship  i sensitive  to  hoth  reverse-t  iii  h  i  ne 
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lu'.nl  rv'.iih  ri'ipi  I  rement  Is  viel  r  imi’iil  .a  I  1  v  seintilive  tv'  i  ne  i  I’.ni  i  np.  time  l.iv'.s, 
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and  the  importance  of  minimizing  time  lag  is  evident.  Detailed  control 
system  analysis  of  the  isolated  reverse-turbine  system  is  necessary  in 
order  to  establish  the  minimum  time  lag. 


TIME  LAPSE  (si 

Figure  31  -  Astern-Turbine  Torque  Versus  Time  Lapse 


Four  specific  reverse-turbine  designs  were  considered.  Tliey 
covered  the  3.5  and  5  ship  length  head  reach  cases  witli  botli  single-  and 
two-stage  turbine  designs.  The  12.5-s  time  lag  (time  required  to  drop  the 
ahead  torque  from  the  shaft  and  replace  it  wltli  full-astern  torque)  was 
employed  as  an  attainable  goal  for  the  isolated  reverse-turbine  system  of 
interest.  A  turbine  design  speed  of  2150  rpm  was  selected  for  all  designs 
based  on  the  cumulative  results  of  the  various  dynamic  crashback  simula¬ 
tions.  It  is  interesting  to  note  that  this  design  speed,  determined  from 
crashback  dynamics,  will  provide  approximately  15  knots  of  steady-state 
astern  speed  (one  half  of  maximum  ahead  speed),  wliich  is  frequently  the 
rule-of-thumb  backing  speed  requirement  of  naval  ships.  If  tlie  system  time 


lag  wcTi'  to  double  (i.o.,  approacli  25  s) ,  tlion  the  reverse-turbine  design 
speed  would  be  about  2600  rpm  and  tlie  steady-state  backing  speed  capability 
would  be  18  knots. 

The  resulting  windage  of  the  various  designs  is  really  the  yardstick 
wliich  determines  the  feasibility  of  tlie  isi'lated  reverse-turbine  system, 

;it  least  as  far  as  tlu*  turbine  itself  is  concerned.  Recall  tliat  CRP 
Iirojieller  power  penalties  (due  to  added  aj'pendage  drag)  may  be  as  mucti 
as  10%.  A  previous^  integrateii  reverse-turbine  design  system  was  charac¬ 
terized  by  an  .ahead-power  penalty  on  the  order  of  10%. 

In  order  to  make  windage  estimates  of  the  lour  designs  it  was  neces¬ 
sary  to  extrapolate  existing  experlme\Ual  data  of  a  similar  arrangement. 

For  a  naval  displacement  ship,  the  ahe.id-power  penalty  during  cruise  opera¬ 
tion  (ap|>roxlm;itely  one-fifth  Inst.alled  power)  is  mi're  important  than 
.It  full  power.  Due  to  the  typlc.nl  mission  profile  o!  the  study  ship, 

.ihout  90%  of  mission  time  is  spent  .it  ship  speetls  lets  than  21  knots. 

Since  more  time  is  spent  at  cruising  speed  tli.in  at  anv  other  speed,  windage 
losses  at  cruise  conditions  are  considered  Import.nil .  From  the  steady- 
state  powering  data  tor  tlie  study  ship,  aliead-turhine  power  is  4500  hp 
('5356  kW)  and  speed  is  2250  rpm  at  a  cruising  speed  of  20  knots.  The 
windage  loss  of  the  reverse  turbines  spinning  backwards  at  2250  rpm  are: 

13.5  lip  (10  kW)  for  Model  1,  9  hp  (6./  kW)  for  Miulel  11,  155  hp  (lib  kW) 
for  Model  III,  and  60  hp  (44.7  kW)  for  Model  IV.  For  a  ship-stopping 
requirement  of  5  ship  lengths,  little  is  gained  by  going  to  a  two-stage 
reverse  turbine.  The  penalty  on  .dieai,!  (lertormance  due  tv'  the  windage 
h'ss  of  Model  1  is  about  0.3%  of  the  ahe.ul- t urb i ue ' s  power.  The  two- 
stage  reverse  turbine  becomes  much  nu'ie  .it  tractive  when  ship-stopping 
retiuirement  is  3.5  ship  lengtlis.  The  pi’n.iltv  I'li  .duvut  \'er  fv'nuance  due  1 1' 
tlie  wind.age  loss  of  Mviiiel  IV  is  about  1.  1%  ot  the  .die.ni  turl'ine's  power, 
riiese  results  indicate  th.it  as  oin'  strives  tor  sliorter  ship-stopping  dls- 
t.ances,  tlie  reverse  turlilne  mu.'U  g.et  larg,er.  A;;  the  reverse  turbine  gn'ws 
in  size,  its  windage  loss  Increases  greatly.  It  the  Isolated  reverse 
turliine  Is  to  have  mlnlm.il  .iftect  on  aluMil-turliine  performance,  it  must  be 
sized  for  tlie  maximum  allowable  ship-stopping  distance.  For  a  head  reach 
requirement  of  5  ship  lengths,  tlu'  ahe.ul-power  pi'ii.ilty,  during  cruise  and 
at  full  power,  is  negligible  for  Imth  single-  .nul  two-st.ige  reverse 
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turbines,  and  thus  feasibility,  at  least  for  the  reverse  turbine,  is 
established.  In  regard  to  a  head  reach  requirement  of  3.5  ship  lengths, 
vrlndage  estimates  indicate  that  a  significant  power  loss  (approximately 
2.6%)  at  cruise  occurs  for  a  single-stage  reverse  turbine,  but  a  two- 
stage  turbine  could  reduce  this  penalty  to  1.3%  of  ahead  power. 

There  is  still  some  doubt  about  the  accuracy  of  the  windage 
estimates  because,  although  the  turbine  configurations  tested  were  similar 
to  the  particular  isolated  reverse  turbine  of  interest,  extrapolation 
of  the  data  was  necessary  to  make  the  estimates.  Further  experimentation 
of  the  isolated  reverse-turbine  configuration  is  necessary  to  solidify  the 
windage  penalty  associated  with  both  the  reverse  turbine  and  the  ahead 
turbine. 

The  discussion  of  losses  in  the  GE-MARAD  direct-reversing  turbine 
found  in  the  introduction  supports  the  conclusion  that  most  of  their 
penalties  on  ahead  performance  are  peculiar  to  their  variable  nozzle/ 
"piggyback"  bucket  arrangement.  In  the  isolated  reverse-turbine  arrange¬ 
ment  : 

1.  Sealing  of  the  reverse-turbine  compartment  by  the  exhaust  valve 
and  shutoff  valve  should  keep  leakage  (therefore  windage  loss)  to  a 
minimum. 

2.  Cooling  the  reverse  turbine  during  ahead  operation  is  unnecessary 
when  located  outside  the  hot  section. 

3.  Modifying  the  ahead  flow  path  is  kept  to  a  minimum  to  avoid 
losses . 

4.  Reverse-turbine  diameter  is  kept  small  to  minimize  windage  losses. 

In  summary,  the  results  of  this  study  have  shown  that  a  two-stage 

reverse  turbine  having  two  thirds  of  design  ahead-turbine  torque  and 
activated  in  12.5  s  can  achieve  a  stopping  distance  goal  of  3.5  ship 
lengths  with  an  associated  loss  in  cruise  ahead  power  of  only  1.3%.  These 
results  are  very  encouraging  and  suggest  that  the  stopping  capability  of 
the  isolated  reverse  turbine  and  GRP  are  comparable.  Further  investiga¬ 
tion  of  the  isolated  reverse-turbine  system  is  warranted  based  on  the  posi¬ 
tive  results  of  the  turbine  analysis  for  the  ship-stopping  requirements 
examined.  Cold  flow  windage  tests  on  appropriate  turbine,  ducting,  and 
valving  configurations  are  necessary  to  solidify  ahead-power  penalty 
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estimates.  Alternative  designs  of  the  required  inlet  valve  mechanism 
should  be  developed.  Contractor  evaluation  of  the  isolated  reverse- 
turbine  system,  with  emphasis  on  turbine  design,  engine  interface  problems 
with  the  inlet  valve  mechanism,  and  turbine  exhaust  elbow  mounting,  are  a 
necessity. 

CONCLUSIONS 

This  report  has  concentrated  on  the  analysis  of  the  shlp-stoi^ping 
requirements  and  the  preliminary  design  performance  characteristics  of 
axial-flow  turbines  as  employed  in  a  particular  Isolated,  reverse-turbine 
system.  The  analysis  has  shown  that  the  shaft-mounted  reverse  turbine  is 
a  feasible  component  of  such  an  isolated  reverse-turbine  system.  Based  on 
the  analysis  performed,  the  following  conclusions  are  drawn: 

1.  The  ship-stopping  requirement  (head  reach)  and  the  time  lag 
associated  with  applying  reverse  torque  to  the  shaft  are  tlie  constraints 
which  determine  the  reverse-turbine's  size,  and  therefore  its  windage 
penalty  in  the  ahead  mode. 

2.  A  moderate  ship-stopping  requirement  (5  ship  lengths)  can  be 
accomp 1 islied  with  a  27 . 5-ln . -dlnmc tc r  (69.9-cm),  single-stage,  axial-tlow 
turbine  having  a  negligible  windage  penalty  during  ahead  operation.  Fim' 

.1  more  severe  requirement  of  3.5  ship  lengths,  two  stages  30.5  in.  (77.5 
cm)  in  diameter  are  required  to  keep  the  windage  penalty  near  1%  of  the 
ahead  power  at  cruising  speeds. 

3.  The  feasibility  of  the  isolated  reverse-turbine  system  depends 
on  its  ability  to  apply  the  specified  reverse-torque  level  to  the  shal t 
witliin  a  time  period  on  the  order  of  10  to  15  s. 

4.  The  simple  shaft-mounted  turbine  concept  studied  herein  should  be 
able  to  meet  the  conflicting  requirements  of  short  stopping  distance  and 
low  .iliead-windage  pen.ilty,  and  is  therefore  considered  to  be  a  viable 
candidate  for  the  maneuvering  of  gas-turbine-powered  ships  employing 
either  meclianical  or  electrical  transmissions. 


RECOMMENDATIONS 


The  results  obtained  from  the  analysis  tend  to  support  the  feasibility 
of  the  isolated  reverse-turbine  system.  However,  many  important  questions 
remain  unanswered,  some  of  which  require  detailed  designs  and  testing  of 
components.  The  reliability  of  the  system  must  be  considered,  as  well  as 
the  development  cost  and  technical  risk.  The  concept  shovild  be  studied 
further  for  potential  use  by  the  Merchant  Marine  as  well  as  the  U.S.  Navy. 

In  regard  to  the  turbine,  the  following  recommendations  are  made; 

1.  Cold  flow  windage  tests  on  a  representative  turbine  configuration 
should  be  performed  in  order  to  solidify  ahead-power  penalty  estimates. 

2.  A  detailed  turbine  design,  including  inlet  scroll  and  exit  valve, 
should  be  performed  by  an  experienced  gas  turbine  engine  manufacturer. 

Also,  the  design  details  of  mounting  the  reverse  turbine  on  the  output 
shaft,  integrally  with  the  exhaust  elbow,  should  be  determined. 

In  regard  to  the  inlet  valve  mechanism,  it  is  recommended  that: 

1.  Various  concepts  be  examined.  A  model  of  the  most  attractive 
inlet  valve  mechanism  be  designed,  built,  and  tested  at  representative 
conditions  to  demonstrate  its  mechanical  feasibility,  to  obtain  flow 
proportioning  characteristics  of  the  valve  as  a  function  of  position,  and 
to  provide  information  for  improvements  necessary  in  specifying  the  valve. 

2.  A  gas  turbine  engine  manufacturer  investigate  the  feasibility  of 
inco 'poratlng  the  mechanism  between  the  gas  generator  and  free  power 
turbine  of  an  existing  engine. 

It  is  recommended  that  these  technical  issues  be  addressed  at  the 
feasibility  model  level.  Any  full-scale  development  should  await  the 
results  of  current  Navy  programs  intended  to  show  the  benefits  of  alternate 
mechanical  or  electrical  approaches  to  reversing. 
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APPENDIX  A 
PATENT  APPLICATION 

"Isolated  Reverse-Turbine  System  for  Gas  Turbine  Engines" 

Inventors;  Samuel  R.  Shank  and  Thomas  L.  Bowen 

ABSTRACT  OF  THE  DISCLOSURE 

A  reversing  system  for  gas  turbine  engines  liaving,  in  addition  to  a 
conventional  gas  generator  and  power  turbine,  a  reversing  turbine  coupled 
to  the  exhaust  end  of  the  power  turbine  output  shaft,  a  gas  flow  propor¬ 
tioning  inlet  mechanism,  and  a  movable  blocking  exhaust  valve.  Inter¬ 
mediate  and  full-stop  power  settings  are  achieved  by  proportioning  the 
gas  flow  between  the  forward  and  the  reverse  turbines,  and  windage  losses 
are  minimized  by  selectively  blocking  the  gas  flow  through  the  turbines. 


The  invention  described  herein  may  be  manufactured  and  used  by  or  for 
the  Government  of  the  United  States  of  America  for  governmental  purposes 
without  the  payment  of  any  royalties  thereon  or  therefor. 

BACKGROUND  OF  THE  INVENTION 

This  invention  relates  generally  to  gas  turbine  engines,  and  more 
particularly  to  a  system  for  controllably  reversing  the  direction  of 
rotation  of  an  output  shaft  connected  thereto. 

The  gas  turbine  engine,  a  thermodynamic  device  for  supplying  shaft 
power  is  fundamentally  unidirectional  with  respect  to  output  shaft  rotation. 
In  many  applications,  such  as  ship  propeller  drives,  it  is  necessary  to 
have  the  capability  of  reversing  the  direction  of  rotation  of  the  engine. 

One  method  employed  in  prior  art  gas  turbine  engines  is  the  use  of  power 
turbine  nozzles  having  a  variable  geometry.  However,  this  necessitates 
compromises  in  the  design  of  the  power  turbine  nozzles  and  vanes,  thus 
reducing  the  engine  fuel  economy  during  normal  operation.  Another  method 
involves  a  separate  reversing  turbine  mounted  concentrically  within  the 
power  turbine.  Fuel  economy  is  also  sacrificed  with  this  method  because 
of  the  necessary  design  compromises  in  the  power  turbine  inlet  passages. 
Other  ship  reversing  systems  have  included  controllable-pitch  propellers 
with  their  attendant  disadvantages  of  added  cost,  weight,  complexity,  and 
increased  appendage  drag. 
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SITMMARY  OF  THE  INVENTION 

Accordingly,  the  present  Invention  overcomes  many  of  the  disadvantages 
of  prior  art  gas  turbine  reversing  methods  by  providing  a  system  that  mini¬ 
mized  losses  during  normal,  i.e.,  forward  mode,  operation  and  is  suitable 
for  use  with  fixed-pitch  propellers. 

According  to  one  embodiment  of  the  present  invention,  a  reverse 
turbine  is  mounted  on  the  output  shaft  of  a  conventional  gas  turbine 
engine.  An  inlet  valve  mechanism  is  mounted  between  the  gas  generator 
and  the  power  turbine  and  includes  a  plurality  of  radially  movable  diverter 
blocks,  each  diverter  block  being  a  segment  of  an  annular  ring.  In  the 
reverse  mode  of  operation,  the  diverter  blocks  are  moved  radially  inward 
to  block  the  annular  flow  channel  and  divert  the  flow  of  gases  from  the 
gas  generator  into  a  collector  scroll  and  thereafter,  by  means  of  a  bypass 
ducting,  to  a  reverse  turbine  inlet  scroll.  A  movable  exhaust  valve,  in 
the  form  of  a  conical  diffuser,  is  positioned  so  as  to  block  the  exhaust 
end  of  the  power  turbine  while  allowing  the  gases  to  flow  through  the 
reverse  turbine  and  into  an  exhaust  elbow. 

In  the  forward  mode  of  operation,  the  diverter  blocks  are  retracted 
and  then  sealed  off  by  a  plurality  of  rectangular  flaps  which,  when  closed, 
force  the  gases  to  flow  through  the  power  turbine.  The  movable  conical 
diffuser  is  positioned  so  as  to  block  the  exhaust  end  of  the  reverse 
turbine.  A  shut-off  valve  in  each  bypass  duct,  in  conjunction  with  the 
conical  diffuser,  isolates  the  reverse  turbine  and  minimizes  windage 
losses  therefrom.  The  shut-off  valves  may  also  be  used  in  conjunction 
with  the  diverter  blocks  and  conical  diffuser  to  proportion  the  gas  flow 
between  the  turbines  and  thereby  provide  additional  torque  control. 

OBJECTS  OF  THE  INVENTION 

It  is  therefore  an  object  of  the  present  invention  to  provide  a  gas 
turbine  engine  reversing  system  that  minimizes  windage  losses  during  the 
forward  mode  of  operation. 

Another  object  of  the  invention  is  to  provide  a  system  that  permits 
torque  control  by  proportioning  the  gas  flow  between  the  forward  and 
reverse  turbines. 
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Still  another  ohjoct  ot  tho  prosont  invention  is  to  provide  a  system 
tor  reversing;  the  direction  ot  rotation  oi  the  output  shalt  that  is 
adaptable  to  existing  ^as  turbine  enjtines. 

Yet  another  ob.lect  of  tho  present  invention  is  to  provide  a  ^as 
turbine  reversinj;  system  tor  sliip  propulsion  ai'p  1  i  cat  ions  that  can  tu’ 
useii  with  a  fixed  pitch  pri^peller. 

A  further  oblect  of  tlie  present  invention  is  to  [U'ovide  a  reversing’, 
system  in  which  tl»e  power  and  reversing  turbines  are  mounted  on  a  i-onmu'n 
output  shaft  and  wherein  the  gas  fiow  to  either  of  tin-  turbines  may  be 
selectively  blocked,  thereby  isolating  the  selected  turbine  and  minimiz¬ 
ing  losses. 

A  still  further  object  of  the  present  Invent  ii>n  is  to  provide  a 
system  wtierein  during  the  fuli  reverse  mode  of  operaf ion  a  novel  inlet 
valve  diverter  meclianism  liirects  the  gas  flow  from  tlte  gas  generator  1 1' 
the  reverse  turbine,  while  a  conical  diffuser  blocks  tlu-  power  turbine 
exliaust ,  thereby  completely  isolating  the  power  turbine. 

IIR 1 KK  nKSCR  ll’TI  ON  ilf’Jl’HJi 

Ottier  objects  and  many  of  the  attendant  advantages  of  the  present 
invention  will  be  readily  apparent  as  the  Invention  becomes  better  undi'r- 
stood  by  reference  to  tlie  following  detailed  description  with  thi'  appi'uded 
claims,  whcii  considered  in  conjunction  wltli  tlie  acmmipany  lug  ilrawings, 
wtierein: 

figure  A.l  is  a  diagraiiuiiat  Ic  to)'  view  of  fhe  reverse  turbine 
.ippar.itus  acconiing  tii  tlie  present  invention  as  applied  to  a  cv'iiveiit  i v'lia  1 
gas  generator  anil  pi'wer  turbine; 

Figure  A. 2  is  a  partially  cut-away  elevational  view  ot  the  exhaust 
elbow  portion  of  the  present  invention  with  the  gas  turbine  in  the 
forward  mode  of  operation; 

Figure  A.d  is  a  view  of  the  exhaust  elbow  jHirt ion  shown  in  Flguii' 

A. 2  with  the  gas  turbine  In  the  reverse  mode  of  operation; 

Figure  A, 4  Is  an  enlarged  cross-sectional  view  of  one  portion  ot  the 
inlet  valve  mechanism  shown  in  Figure  A.l,  showing  the  structure  thereol 
in  greater  detail; 

bl 


Figure  A. 4a  Is  a  perspective  view  of  one  of  the  diverter  blocks  in 
the  inlet  valve  mechanism  of  Figure  A. 4,  as  viewed  from  the  upstream  side; 

Figure  A. 4b  is  a  perspective  view  of  the  diverter  block  shown  in 
Figure  A. 4a  as  viewed  from  the  downstream  side;  ^ 

Figure  A. 5  is  an  elevatlonal  view  of  the  top  half  of  the  combination 
cam  and  ring  gear  according  to  the  present  invention,  as  viewed  from  the 
upstream  side.  Details  of  one  of  the  accurate  slots  therein  as  viewed  in 
the  plane  of  line  Va-Va  is  also  shown. 

Figure  A. 6  is  an  elevatlonal  view  of  the  cam  and  ring  gear  shown  in 
Figure  A. 5,  as  viewed  from  the  downstream  side; 

Figure  A. 7  is  an  elevatlonal  view  of  the  top  half  of  the  guide  ring 
according  to  the  present  invention,  as  viewed  from  the  upstream  side. 
Details  of  one  of  the  radial  slots  and  one  of  the  slide-ways  as  viewed  in 
the  plane  of  line  Vlla-VIIa  is  also  shown. 

Figure  A. 8  is  a  diagrammatic  elevatlonal  view  of  a  portion  of  the 
reverse  turbine  section  of  the  present  invention. 

DESCRIPTION  OF  THE  PREFERRFJ)  EMBODIMF.NT 

Referring  now  to  the  drawings,  wherein  like  reference  numerals 
designate  the  same  or  corresponding  parts  throughout  the  several  views, 
there  is  shown  in  Figure  A.l  a  gas  turbine  engine  having  a  controllable 
inlet  valve  mechanism  10  mounted  between  the  exhaust  end  of  a  gas  generator 
12  and  tlje  inlet  of  a  power  turbine  14.  Inlet  valve  mechanism  10,  which 
will  be  described  in  greater  detail  herein  below,  is  spaced  concentrically 
within  an  annular  collector  scroll  16  which,  by  moans  of  a  plurality  of 
bypass  ducts  18  during  reverse  operation  of  the  engine,  transfers  tlie 
working  fluid  to  an  annular  reverse  turbine  inlet  scroll  20  located  at  the 
rearmost  portion  of  the  gas  turbine  engine.  A  reverse  turbine  22  is  loca¬ 
ted  Just  forward  of  inlet  scroll  20  and  spaced  from  the  exhaust  end  of 
power  turbine  14,  said  turbines  being  mounted  on  a  common  ovitput  shaft  26. 
The  back-to-back  arrangement  of  power  turbine  14  and  reverse  turbine  22 
permits  the  exhaust  from  both  turbines  to  be  discharged  into  a  common 
exhaust  elbow  24.  A  posltlonable  exhaust  valve  28,  whose  operation 
will  be  described  in  detail  below,  acts  as  cither  a  conical  diffuser 
for  power  turbine  14  and  blocking  exhaust  valve  for  reverse  turbine 


22  or  a  blocking  exhaust  valve  for  power  turbine  14,  depending  upon 
whether  the  gas  turbine  engine  is  operating  in  the  forward  or 
the  reverse  mode.  A  shut-off  valve  30,  mounted  within  and  spaced 
in  the  downstream  portion  of  eacl\  bypass  duct  18,  may  be  positioned 
so  as  to  restrict  the  flow  of  working  fluid  to  reverse  turbine  22. 

Kxhaust  valve  28  is  used  in  conjunction  with  shut-off  valve  30  to  com¬ 
pletely  isolate  reverse  turbine  22  during  forward  operation  of  the  engine. 
Shut-off  valve  30  and  exhaust  valve  28  may  conveniently  be  hydraulically 
or  motor  operated.  Selective  positioning  of  inlet  valve  mechanism  10, 
exhaust  valve  28,  and  shut-off  valves  30  permits  either  the  proportioning 
of  the  working  fluid  flow,  thereby  balancing  the  torque  of  both  turbines 
and  stopping  the  rotation  of  output  shaft  2b,  or  the  gradual  increasing  of 
the  flc>w  to  one  turbine  or  the  other,  thereby  providing  slightly  unbalanced 
torque  during  forward  or  reverse  low  shaft  speed  operation. 

Referring  now  to  Figure  A. 2,  a  partially  cut-away  view  of  exhaust 
elbow  24  shows  the  position  of  exhaust  valve  28  when  the  gas  turbine 
engine  is  in  the  full  forward  mode  of  operation,  that  is,  when  all  of  the 
working  fluid  flows  through  power  turbine  14  as  indicated  by  the  arrows  29 
in  the  drawing.  In  this  position  exhaust  valve  28  acts  as  a  conical 
diffuser  and  radially  directs  the  gas  flow  into  exliaust  elbow  24.  Also, 
valve  28  blocks  the  exhaust  end  of  reverse  turbine  22,  preventing  any 
gas  flow  therethrougli  and  minimlziiig  windage  losses  therefrom. 

For  full  reverse  operation  of  the  gas  turbine  engine,  exhaust  valve 
28  is  positioned  as  shown  in  Figure  A. 3,  wherein  valve  28  blocks  the 
exhaust  end  of  power  turbine  14.  The  working  fluiil  now  flows  from  inlet 
scroll  20  through  reverse  turbine  22  and  intc>  exhaust  elbow  24,  as  indi¬ 
cated  by  arrows  31  in  the  drawing.  As  described  above,  during  operation 
of  both  turbines,  for  example,  during  low  shaft  speed  operation,  exhaust 
valve  28  is  positioned  so  as  to  be  spaced  apart  from  the  exhaust  ends 
of  both  turbines. 

Referring  now  to  Figure  A. 4,  wherein  the  exhaust  end  of  gas  generator 
12  is  to  the  left  in  the  drawing  and  the  inlet  of  power  turbine  14  is  to 
the  right  in  the  drawing,  the  top  portion  of  inlet  valve  mechanism  10  is 
shown  in  greater  detail.  Working  fluid  from  gas  generator  12  flows 
through  an  annular  channel  34  and,  in  the  full  forward  mode,  into  an 
inlet  flow  area  35  of  turbine  14.  In  the  reverse  mode  of  operation,  a 


plurality  of  diverter  blocks  32,  each  being  an  annular  segment  of  a 
shaped-ring  and  indicated  by  solid  lines  in  the  drawing,  are  moved  radi¬ 
ally  inward  into  the  annular  channel  34  so  that  the  inlet  flow  area  35  of 
power  turbine  14  is  closed  off  and  the  working  fluid  is  radially  diverted 
into  collector  scroll  lb.  In  the  forward  mode  of  operation  diverter 
blocks  32  are  retracted  to  the  position  indicated  by  the  dashed  lines  in 
the  drawing.  Insertion  and  retraction  of  diverter  blocks  32  is  controlled 
by  a  combination  cam  and  ring  gear  36  which  is  driven  by  means  of  a  motor¬ 
ized  gear  38.  Cam  and  ring  gear  36  is  rotatably  supported  by  a  plurality 
of  bearings  40  positioned  about  tlie  inner  and  outer  circumferences  thereof. 
The  downstream  face  of  gear  36  is  recessed  and  a  plurality  of  circumferen¬ 
tially  located  teeth  41,  more  clearly  seen  in  Figure  A. 6,  are  provided 
thereon,  the  teeth  41  facing  radially  inward  and  being  formed  so  as  to  mesh 
with  similar  teeth  on  motorized  gear  38.  An  anchor  post  42  having  a 
flared  end  43  is  affixed  to  the  back  of  each  diverter  block  32,  end  43 
being  inserted  into  one  of  a  plurality  of  arcuate  slots  44  formed  into  the 
upstream  face  of  cam  and  ring  gear  36.  The  configuration  of  an  anclior 
post  42  on  a  typical  diverter  block  32  and  the  general  shape  of  the 
diverter  block  can  more  clearly  be  seen  by  referring  to  Figures  A. 4a 
and  b. 

As  best  seen  in  Figure  A. 5,  slots  44  have  an  arcuate  shape  so  that 
a  clockwise  rotation  of  gear  36  moves  diverter  blocks  32  radially  outward, 
and  a  counterclockwise  rotation  of  gear  36  moves  diverter  blocks  32 
radially  inward.  The  length  of  slots  44  determines  the  radial  travel  of 
diverter  blocks  32,  the  Innermost  end  45  of  each  slot  44  being  configured 
so  that  anchor  post  42  meets  inner  end  45  wlien  diverter  block  32  is  seated 
on  the  inner  wall  of  annvilar  channel  34.  Referring  to  Figure  A. 5,  Section 
Va-Va,  each  slot  44  is  beveled  so  as  to  conform  to  the  shape  of  flared  end 
43  of  anchor  post  42,  thereby  retaining  end  43  therein. 

Each  diverter  block  32  is  restricted  to  move  only  in  a  radial  direc¬ 
tion  by  means  of  a  guide  ring  46,  which  can  more  clearly  be  seen  by  refer¬ 
ring  to  Figures  A. 7  and  Section  Vlla-Vlla.  The  anchor  post  42  on  each 
diverter  block  32  slides  radially  up  and  dowit  slot  47  as  the  diverter  block 
is  raised  and  lowered.  The  diverter  blocks  32  on  the  right  side  of  Figure 
A. 7  are  shown  in  the  lowered  position  (reverse  mode),  while  the  diverter 
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blocks  32  on  the  left  side  of  Figure  A. 7  are  shown  in  the  raised  position 
(forward  mode).  Referring  to  Section  Vlla-VIIa  in  Figure  A. 7,  slide-ways 
48  are  provided  on  the  upstream  face  of  guide  ring  46  for  maintaining 
the  stability  of  the  diverter  blocks  when  raised  or  lowered.  Parallel 
alignment  faces  49  on  each  diverter  block  32  fit  within  the  edges  of  slide¬ 
way  48. 

To  provide  a  space  from  which  diverter  blocks  32  can  be  inserted  or 
retracted,  the  outer  cylindrical  wall  of  annular  channel  34  is  radially 
sectioned  into  a  plurality  of  nearly  flat  rectangular  flaps  50  which  are 
hinged  on  their  upstream  side.  ITlien  the  gas  turbine  engine  is  operating 
in  the  forward  mode,  flaps  50  are  in  the  position  as  shown  by  the  dashed 
lines  in  the  drawing,  with  diverter  blocks  32  in  the  retracted  position. 
Annular  channel  34  thus  becomes  a  continuous  passage  for  the  gas  flow  from 
gas  generator  12  to  power  turbine  14.  In  the  reverse  mode,  the  flaps  50 
open  outwardly  and  permit  diverter  blocks  32  to  move  radially  into 
annular  flow  channel  34.  The  flap  operating  mechanism  is  similar  to  the 
diverter  block  operating  mechanism,  having  a  combination  cam  and  ring  gear 
52  driven  by  a  motorized  gear  54  and  rotatably  supported  by  a  plurality  of 
bearings  55.  Each  flap  50  is  movably  connected  by  means  of  a  lever  arm 
62  to  an  anchor  post  56  having  a  flared  end  57.  The  flared  end  57  of  each 
anchor  post  56  is  inserted  into  one  of  a  plurality  of  arcuate  slots  58 
formed  into  the  downstream  face  of  gear  52.  A  pair  of  fi.\ed  guide  rails 
60  (one  shown)  act  as  stabilizers  and  maintain  a  purely  radial  movement 
of  anchor  post  56  as  gear  52  is  rotated.  As  in  gear  36,  one  face  of  cam 
and  ring  gear  52  is  recessed  and  provided  inwardly  facing  teetli  configured 
to  mesh  with  motorized  gear  54.  As  viewed  from  the  downstream  side,  a 
counterclockwise  rotation  of  gear  52  moves  anchor  post  56  radially  outward, 
thus  opening  flap  50. 

There  is  shown  in  Figure  A. 8  one  configuration  of  the  reverse  turbine 
section  of  a  gas  turbine  engine  according  to  the  present  invention  wherein 
a  single-stage,  axial-flow  turbine  22  is  affixed  to  output  shaft  26.  In 
the  reverse  mode  of  operation,  the  reverse  turbine  inlet  scroll  20  directs 
the  gas  flow  through  a  plurality  of  turbine  blades  23  to  an  exhaust  dif¬ 
fuser  25,  from  which  it  is  discharged  into  exhaust  elbow  24. 
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In  oporatlon,  wlion  tlio  gas  turbini'  ongini'  accoriling  to  tlic  prosoiU 
invontinn  Is  in  tiu'  lull  iorwaril  mmio,  lilvnrlnr  blacks  i2  arc  rolractcd 
and  flaps  SO  arc  clasi’d  sc  that  all  of  llic  working  llnid  discharging 
from  gas  generator  12  is  directed  through  annular  flow  channel  )4  to  tlu' 
inlet  iS  ot  power  tnrhine  14.  Kxhaust  valve  28  is  at  its  rearmost  pt>sition 
so  that  th»’  exhaust  enil  ol  reverse  turbine  22  is  compU'telv  blocked,  while 
valve  28  acts  as  a  conical  dll  fuser  lor  the  exhaust  tlow  discharging  I rom 
piiwer  turbine  14.  Reverse  turbine  22  is  lurther  Isol.ited  by  the  closine 
i>f  shut-ott  v.ilves  10. 

Vilhen  the  g.i.s  turbine  engine  is  opi'r.ated  in  the  lull  reverse  mi'de , 

Maps  SO  .ire  opened  and  diverter  blocks  12  an'  lully  inserti'd  intii  ;innul;tr 
tlow  ch.innel  14 .  wheri'by  .ill  of  the  working  Iluid  is  directed  through 
collector  scroll  lb  .iiui  into  bypass  ducts  18.  Shut-ol  f  v.ilves  lO  .ire 
lully  opened  so  th.it  the  wiirking  Iluid  Mows  into  reverse  turbine  inli’t 
scroll  20.  K.xhaust  v.ilve  28  i.s  moved  to  the  lull  lorw.ird  in'sition,  block¬ 
ing  the  exh.iust  end  I'l  power  turbiiu'  14  .nul  peniiitting  the  working  Iluid 
to  f  U'w  throuyth  reverse  turbine  22  and  into  exh.iust  elbow  24.  Intermedi- 
.iti'  .Hill  lull-stop  power  settings  .ire  .ichleved  bv  proportioning  the  working 
Iluid  Mow  between  power  turbliu'  14  and  reverse  turbine  22.  The  Mow  is 
proport  ioiu'd  bv  .i  combination  ol  parti.il  insertion  ol  diverter  blocks  12 

into  annular  ch.innel  l4 ,  p.irti.il  closuri'  ol  shut-oil  v.ilvi-  U1 ,  .ind  the 

sp.icing  ot  exhaust  valve  28  at  .1  position  in  t  ermed  i  .i  t  e  ol  the  exhaust 
ends  of  till'  turbines.  iHitput  shall  2b  is  sloppi'd  when  t  lu'  t  oiipie  produced 
bv  power  turbine  14  I'lpi.ils  the  t  onpio  proiluci'il  bv  ii'verse  turbine  22. 

Thus,  it  is  .'ipparenl  th.it  tlii'ie  is  provided  bv  the  luesent  invi'Hlion 
I  icvcr?.lng  system  lor  g.is  turbine  engines  h.iving  me.ins  lor  select  ivi-ly 
i  'olitlng  the  unused  turbine  .nul  minlml;nlng  wind.ige  losses  therelrom 
&  I  V.  •..icilMclng  the  lorw.ird  mode  per  I  orm.inci'  ol  the  eng.ine.  Thi'ii'  is 
:  -  Ided  .1  me.ins  lor  proportioning  the  working  Iluid  Mow  belwei'ii 
•  III. I  icverse  lurbines  I  iiroughoiil  the  powi'r  r.inge  ot  the  g.is 

111-  nuul  i  M  cat  1  ons  .nul  v.iriations  ol  the  present  invenlion 
f  i  'ht  ol  the  .ibove  le.ichiny’S.  ll  is  there  I  ore  to  be 

,  '  I' . ope  ol  the  appended  cl.iims  the  invenlion  m.iy 

I.  spci  i  I  i  c.i  1  I  v  described. 


SECTION  Va-Vu 


Figure  A. 5  -  Combination  Cam/Ring  Cear  as  Vioweci  from  Upstream 


Figure  A. 6  -  Combination  (^am/King  (b-ar  as  Vii'wed  frimi  Downstream 


APPENDIX  B 

DESCRIPTION  OF  SHIP-REVERSING  COMPUTER  PROGRAM 

The  purpose  of  this  appendix  is  to  give  details  on  the  ship-reversing 
computer  program,  including  a  general  description  of  the  main  program  and 
its  subroutines,  flow  charts,  program  listing,  nomenclature,  and  sample 
input  and  output  data.  The  main  program  serves  several  functions,  some 
of  which  include  reading  the  input  data,  controlling  the  sequence  of 
events  during  execution,  and  printing  the  results.  Initial  guesses  for 
the  independent  variables  (engine  output  speed  and  ship  speed)  are  part 
of  the  input  data.  As  illustrated  in  Figure  B.l,  the  values  for  the  inde¬ 
pendent  variables  are  passed  along  to  subroutine  SHIP,  which  returns 
values  for  the  dependent  variables  or  base  errors  (net  power  and  net 
thrust).  In  order  to  satisfy  the  ship's  power  and  thrust  equations,  a 
modified  Newton-Raphson  convergence  technique  is  used  in  subroutine  CVERGE 
to  determine  the  correct  solutions  for  the  independent  variables.  The 
initial  guesses  and  base  errors  are  transferred  to  subroutine  CVERGE  from 
the  main  program.  By  calculating  the  change  in  error  due  to  a  small 
change  in  the  independent  variable,  a  matrix  of  coefficients  is  generated. 
Subroutine  MATINS  is  used  to  invert  the  matrix  and,  as  a  result,  better 
guesses  for  the  Independent  variables  are  obtained.  The  process  is 
repeated  until  the  base  errors  are  reduced  to  negligible  values.  The 
BLOCK  DATA  subroutine  contains  values  for  several  constants,  such  as 
propeller  diameter,  ship  displacement,  reduction  gear  ratio,  thrust 
deduction  factors,  wake  factor,  inertias,  etc. 

As  shown  in  Figure  B.2,  subroutine  SHIP  is  supported  by  several 
other  routines: 

1.  FPSCREW  (calculates  fixed-pitch  propeller  performance) 

2.  TRQLOS  (curve-fitted  equation  for  transmission  losses  as  a 
function  of  shaft  speed) 

3.  TRQPLOT  (used  during  transient  simulations  to  model  the  varia¬ 
tion  in  engine  torque  as  a  function  of  time) 

4.  FPPMAP  (contains  the  thrust  and  torque  coefficients  for  the 
fixed-pitch  propeller  as  a  function  of  modified  advance  ratio) 

5.  DRAG  (series  of  curve-fitted  equations  which  model  the  ship's 
resistance  as  a  function  of  ship  speed) 
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6.  SRCH  (used  to  search  a  one-dimensional  array) 

7,  TABX  (used  to  interpolate  values  from  data  tables). 

A  FORTRAN  listing  of  the  ship-reversing  computer  program  is  given  in 
Appendix  C.  Subroutines  CVERGE,  MATINS,  TABX,  and  SRCH  are  utility 
routines,  and  therefore  are  not  included  in  Appendix  C.  A  guide  to  the 
nomenclature  used  in  the  computer  program  is  provided  on  pages  94  and  95. 

To  execute  the  reverse-turbine  computer  program,  a  minimum  of  two 
input  data  cards  are  required.  The  format  of  these  data  cards  is  as 
follows . 

Card  1 


Co lumn 
2 


A 


6 


8 


10 


Input  Variable 
MODE 


SI 


IPRTl 


IPRT2 


IPRT3 


Description 

Identifies  the  type  of  run  to  be  made 
MODE  =  1  implies  steady-state  run 
MODE  =  2  implies  transient  run 

Identifies  the  system  of  measurement: 

SI  =  0  U.S.  customary  units 

SI  =  1  International  units 
(inactive) 

On-off  switch  for  iteration  print 
statements : 

IPRTl  =  1 ,  on  (useful  in  case 
of  failure) 

IPRTl  =  0,  off 

On-off  switch  for  steady-state  data: 
IPRT2  =  1,  on  (if  MODE  =  1) 

IPRT2  =  0.  off  (if  MODE  =  2) 

On-off  switch  for  transient  data: 
IPRT3  =  1,  on  (if  MODE  =  2) 

IPRT3  =  0,  off  (if  MODE  =  1) 
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Card  2 


Column  Input  Variable 
1-10  WF 

11-20  XNENG 

21-30  VSHIP 


Description 

Fuel  flow  rate  per  engine  (lb  /hr) 

m 

Engine  output  speed  (rpm) : 

Positive  value  for  ahead  operation 
Negative  value  for  astern  operation 

Ship  speed  (knots) : 

Positive  value  for  ahead  operation 
Negative  value  for  astern  operation 


To  obtain  a  series  of  steady-state  data  points  during  a  single  run,  the 
format  for  each  ahead  and/or  astern  operating  point  is  the  same  as 
Card  2  shown  above.  In  a  transient  run.  Card  2  is  used  to  calculate  the 
Initial  conditions  at  time  equal  to  zero. 

A  sample  output  for  a  steady-state  calculation  is  shown  on  page  98 
Appendix  D.  In  this  case  IPRTl  =  1,  which  activates  the  iteration 
print  statements.  The  initial  guesses  for  engine  output  speed  and  ship 
speed  are  4000  rpm  and  30  knots,  respectively.  After  four  iterations, 
the  correct  values  for  these  independent  variables  are  found  to  be  3394 
rpm  and  29.66  knots.  Note  that  the  base  errors  (net  thrust  and  unbalanced 
power)  are  very  small.  Since  IPRT2  =  1,  the  values  of  several  parameters 
are  listed  after  solution  convergence  is  obtained. 

A  sample  output  for  a  transient  crashback  simulation  is  shown  on 
pages  99  through  118,  Appendix  D.  The  forcing  function  in  the  transient 
simulation  is  a  variation  in  engine  torque  as  a  function  of  time,  which  is 
defined  in  subroutine  TRQPLOT.  In  this  case,  engine  torque  decreases 
from  full-ahead  torque  (+30,690  ft-lbj.)  to  full-astern  torque  (-25,000 
ft-lbj.)  in  12.5  s.  Several  interesting  features  which  are  apparent  in 
the  sample  output  include: 

1.  Propeller  thrust  (THPROP)  changes  sign  at  TIME  -  5.8  s 

2.  Propeller  torque  (TQPROP)  changes  sign  at  TIME  >=  7.7  s 

3.  Propeller  rpm  (XNENG)  changes  sign  at  TIME  =  15.47  s 

4.  Ship  speed  (VSHIP)  changes  sign  at  TIME  55.15  s. 

5.  Maximum  head  reach  is  1395  ft  (3.1  ship  lengths). 
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r 


PROGRAM  R7RSTR3 


o»rio  ■>0UN0=»/  trace 


PTN  4.6*435 


06 


t 


“ROGRAM  RVPSTR3( input, OUTPUT, TA PE5  =  I NPUT , TAPE 6= OU TP UT : 

OTNAHC  ANALT';iS  CONPUTER  ppOGOAN  FOR  AN  ISOLATEO  REVERSE  TURBINE 


I 


» 

i 

( 


s 


n 


15 


>5 


30 


55 


*0 


45 


50 


55 


C  BY 

C  T.L. BOWEN 


C 

c 

c 

c 

c 

c 


c 


c 


c 


c 


OTNSPQC  CODE  2721 
ANNAPOLIS,  MO 
31402 

1  NOV  IRTT 


DIMENSION  VAR(2) ,ERR“«2t 

COMNON/SHIP/DISPL  ,GR,xILD1,)(IL02,XNE0,ST0PAG 
COMMONTCONSXGC,H20,PI ,X<P 

C0MM0N/PRINT5/T0ENG,XNPO0P,SMA0VR,THPR0P,TQPR0P,PHRENG 

JATA  TOLER/. JOl/ 

DATA  NMAX/2/ 

nlin£=  a 

NPT=  0 

REAJ(5, lOOlHOOE.SI, IPRTl ,  IPRT2, IPRT3 
5  REA0<5, 105)HF,XNENG,VSHTP 
IFIWF.EQ. 0.01  STOP 

INITIAL  GUESSES  ROR  INQRPENOENT  VARIABLES 

VARIll iXNENG 

VAR<2)=VSMIP 

TIME=0. 3 
XNOLO=0.0 
VSOlO^O. 0 
■IEACH=0.0 
TSI£P=a. 1 
XI=XIL02 

IFIXNEO.EO.l. )  xlrXILDl 
NPT=  N»Tfl 

IF  IPRTl. EO. 0)  JO  TO  B 
IF(XNENG.LI.O.)  GO  TO 
WOITE(6,106)  NRT 
GO  TO  9 
7  continue 

WRIIE(6,107>  N“T 
9  IF (TIME.GT. la 0. )  STOP 
ISSE=0 
NPASS=1 

10  call  SHIRtSI,WF,TIHF,TSTEP,VAR,XNOLO,VSOLO,0,U9HPPT.PWRPRP, 
t  THPN.ORAGP, ONENG.nvSHIP) 

XNORM1=20000. 

E»RB  tl»  p (UBHPPT-X 1/ (GC»TKP*XNEOI »VAR(1»»ONENG»(2.»PI/60.)»»2.)/ 
S  XNORMI 

XNORM2= 150000. 

ERR  5 (2t  s (THON-OISPL'OVSHIP'eOTE.  1/3600. I/XNORM2 
SSEsO.O 
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AO-A077  S9B  DAVID  W  TAYLOK  NAVAL  SHIP  RESEARCH  AND  DEVELOPMENT  CE— ETC  F/fi  2i/5 

FEASIBILITY  STUDY  OF  AN  ISOLATED  REVERSE-TURBINE  SySTE*<  FOR  BAS— EtCCU) 
DEC  79  T  L  BOWEN 

UNCLASSIFIED  DTnSRDC-79/033  mi 
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AO 

AOr7B98 

■ 

1 

1 

1 

1 

1 

1 

1 

1 

B 

B 

B 

B 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

HIHI 

n 

END 

DAT! 

FaiKO 

1  -80 

oqc 

. 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

B 

7R/7I. 


0»T=0  POUNO=»/  T<&CE 


FtN 


36 


63 


65 


70 


75 


53 


55 


90 


95 


30 


05 


11 


00  15  1=1, NM** 

SSE  =  S5E  ♦Ai55<ER99  (  I)  I 
15  continue 

lETTIME.r.T.o.  •  IPRT1  =  0 
IE(I»9T1,FQ.0I  50  TO  30 
IF(N»4S5.NE.1I  50  TO  10 
NRITE(6, 1051 
15  CONTINUE 

R'>IT5I6,110)NFaSS,(\;A<’(II,I  =  l.NMAXI,  (ERRBI  I)  ,I  =  1,N>1AXI,SSE 
30  CONTINUE 

00  35  I=1,NNAX 

IE(AJSIEPP5(I I  1 .CT.TOLFOl  CO  TO  JO 
35  continue 
30  TO  35 

JO  call  C»5r&F(SI  ,tf  JR,  XNOLO,  VSOLO,  FPP9,  IS5E,5S'',WF,  IPRIl,TSTEP,riM'') 
I5SE=1 

NPASS=NPA5S»1 
IFINPASS.GT. 30)  GO  TO  50 
GO  TO  10 
35  CONTINUE 

IFTTIMt.GT,  0.  1  IPOT3=0 
IF(I»RI7.EO,0)  50  TO  50 

call  SHlP(SI,wF,TIMr,T5TFP,WAP,XNOLO,VSOLO, IPPT3,U8HPPI ,PHPPRn, 
t  TMPN,1RAGP, DNENG,PVSHIP) 

40  continue 

IFtNOOE,EO. 1)  50  TO  5 

IPJTI  ■xe.GT,  C.  )  REACHzPfftCHK  tVAR(3)  ♦  »SCL  PI  »  .  5)  •  T  ST  EP»  6  0  76.  IX  36  00. 
IF(IPPT3.£O.0>  GO  TO  45 
tF(Tl>iE.(iT.o»  SO  TO  43 
W9ITE(6,115) 

43  continue 

IF (NLINE.Nr.55)  50  TO  4’ 

R°IT"(5,11f) 

NLINF=  0 

43  RRIT' (6,130) TINF, vAR( 1 ) ,VAP«3) , I OENG , phRE NG, XNPOOP, SM AO VR, T HPR OB , 

5  TQPRDP, BEACH 

NLIN£=  NLINFH 
45  GONIINUE 
S5P=0. 3 
SGN=-.3 

IF  iSHAOy/R.LT.SGB)  TSTEP=J.C1 
IFISHAOVP.LT. S5NI  TSTEP=0.1 
TINE=TIHE*TSTEP 
XNOLO=VJR(  1) 

XSOLO=VJP(3) 

\)AR<l)  =  i/APtl)  ♦ONENG'TSTFP 
VAR(3)  =  7JR(?)  tOl/SHTPBTSTFB 
GO  TO  5 

50  WRITE(6,135)  NBJSS 
100  FOPHAT(5I3) 

105  FORHATl  3F10.3) 

110  FORHATIIX  ,7HNPJSS=  ,I3,5X,5HVART1)=  , F6. 0 , 9 X , 5HV AR 3 3 ) =  ,F6.3X15X, 
t  qHFRPB(l)=  ,E9.  1,5X,qwFPRn(3)=  ,  E9.  3/ 1  5X  ,  5-JS  SE=  ,E9.3) 

106  F0RHAT<1H1,30HSTFADY-STATE  AHEA3  PERFORMA NC- , 5X , 1 3HPO INT  NUNBER  , 

•  I’/X) 

107  FORMAT ( IHI.JIHSTFAOY-STJIE  ASTEPN  PFR FOPM ANCE , 5X , 13HPOI NT  NUMBER  , 

•  I3XX) 
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wv9<;r<-^  rn/Ti.  opt.o  »ouno.»/  rmti 


PtN  i..b«kj) 


IJ8  F04>441(l«  .  JOhSOLUT  ION  CONVf  «r.f  NCf  AT^rMPfri/i 
US  F(1<H»rilM1.18HT<ANSrrNI  '<r‘!ULTSI//l»,8MTtHf.,»l(,(,M«NfN(;.  7X 

I'D  POPiAT  t  U  ,  »C  UlO.  «.,  .1«n 

tv’s  FO^AU/H,  tAMXAX  NO  IltPATIONS  rxCFf^lfO  NPASS  .  ,  I  ?! 


':u‘i»nuriNE  ship 


3»Tsa  PQUHOi*/  IH»CE 


FTN  «.b»<>3) 


0% 


1 


s 


19 


IS 


79 


■»S 


J9 


3S 


»9 


1.S 


59 


55 


SUBPOUTINE  SHIi>tSI,HE,TIHF,TSTEP,V»«,»NOLO,VSnLU,IP»T7,URMPPr, 

J  PMRPPP, TMPN, n«»5Pt  ONENG, BVSHIPt 

f* 

C  SHIP  HOOEL  iris  7771  10-15-771 

r, 

IIH^nSION  ViSK?! 

C 

COiBOH/SHlB/rJISPL  .GPi  XTini,  7IL07,  XNEO.SEOPiS 
C  OBHON/PRINT3  /nENG,  XNPROP,  Sh*0  (/«  ,  rMPROP,  I OBK  OP.PMUENG 

c 

XNENG*  V«P  I  1  * 

VSHlPi»»RC*» 

IEITIHE.GT.O. •  GO  TO  39 

□NFN&=0.0 

0»SMIP=  0. 0 

rUriHE.EO.O.aNO.XNENG.GT.Ot  GO  tq  10 
IFiri HE.EO.fl. fiN9. XNENG.L r .c>  GO  TO  70 
C  STEAOy-STATF  AHEAO  TURBINE  111750  0  EPT)  HOO-L 

10  S1E  =  hE/  10  0  3. 

S«NENG=ABSIxnpnGI/1000. 

TQENG»l-O.B?5*SlF»SXNENG*5.75»SHr-7.5»SXNtNG-  7.  1)*1  0  00. 

GO  TO  50 

0  STEAOt-STATE  ASTERN  TURBINE  HOOrt 

70  SRE.rE/IOOO. 

SXNENGs  ABS (XNFNGt / 1 OCO . 

r JENG= T-.B 75»SHF 'Sx NENG* 5.75» SHE- 7.5 •SxNENG- 7.1) •1000. 

TOENGx-TQE  NG 
GO  TO  50 

0  transient  TOROJE  HOOE'. 

50  TOENG=trqplOT T TIHE) 

ONENG’ ( XNENG- XNOLO) ETSIEP 
3\/SHlP=(VSHlP.\/G0Ln)/TSTFP 
50  CONTINUE 

PHRENGs  TQENG*  XNENG/575?. 

XNPROP=xnENG/GR 
ANPROP=ABS (XNPROP) 

»HRLOSS=TOQLOSTANPROP)»ONPPOP75757. 

CALE  EPSCREh  ISI.VSHlP.XNPROP.HPROP.AOVR.FHinwR.SMAOVR.uQ.CT.TMPROP 

I  ,nR4G»,THPN,T0PR0P,PHROBP,ETRP» 

U5HPPT5PhoENG-TPH»PRp*phRE'1SS)  /»NF0 
IE ( iPRr7.Eo. 0 )  GO  TO  in 
HRITEIfa.BS) 

HRITETb, lOBlHE. <  NE  NG, T  QE  NG,  PH  R''NG,PHeLOSS,V3Hl», XNPROP,  vPRO»,  AD  V® 
HRITFT5,105)EMA0»p,SM4DVR,C0.CT,Thor0»,0RAG»,thPN,T0PP0P,RhRPRP, 

{  ETAP 

95  EOR1ATI/1X,?OHS3LUTION  '■ONWEPGENEE  OPTAINEO  ) 

190  EORHAT ( 

^  /15X,55MHE  EUFl  elOHRATE  PER  ENGINE  ,E10.5,BM  (LBG/HRI 

5  71  5X ,  5  5HXNENG  ENGINE  OUTPUT  SPEED  ,tl£.5,RH  (RPH) 

5  71SX,  35HXQENG  ENGINE  OUTPUT  TORQUE  ,E10.5,ph  IET-LBEI 

T  715X,  55HPHRENG  ENGINE  OUTPUT  POHER  ,E10.5,Bh  (  mP  | 

5  /15X  ,  55HPHRLOS3  1ECM.TRANSHISG  ION  LOSSES  ,F10.5,Bm  (HP) 

5  /15X,  55HVSHIB  SHIP  VEEOCITT  ,tl0.'.,BH  IKNOTS) 

It  715X,  TOHXNPROP  PROPELLER  ROTATIONAL  SPEFl  ,flC.5,RH  TRPHl 

5  71i<,  59HVPROP  PROPELLEO  SPEED  OF  ADVANCE  ,£10.5,')H  (FTTHIN) 

»  /15X,55m4DvR  AOtfANCf  RATIO  ,E10.5I 

105  r(,»R4T( 
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S'JlHOtlTISE  SHIP 


Ttrri, 


0»r»0  ROUND**/  TR«Cf 


FTN 


o; 


61 


%  ISl , JSHFHtO/* 
«  /is«,  3»m«;n*o»» 

t  /iSK.s^Mra 
t  /IS»,3SHCT 
t  /UK,  JSHThPKO* 

*  /IS*  ,  3RM''R»&P 
S  /t5«,JFHTMPN 

t  /IS*. ISMTOPROP 

*  /IS*. ISMPnRPRs 
t  /lS*,3«HrT*r 

no  'ONtINUf 
REIURN 
ENO 


FIRST  NOOIFIFO  ADVANCE  RATIO 
SECOND  NOniFIE#  ADVANCE  RATID 
RROPELLFR  TORQUE  COEFF loi* NT 
PROPELLER  THRJST  COEFFICI'’NT 
PPOPTLLER  TMRUST 

total  ship  resistance 

NET  PROPFLLPR  thrust 
PROPELLER  TORQUE 
PROPFLLFR  POWER 
PROPFLLFP  FFFICIENCT 


•EIO.A 

.ElO.A 

iFlO.i* 

.ElO.A 

.E10.A.9H 

tElO.4.  4H 

•  ElO.  A,  9H 
tElO.  A,  9H 

•  Et  O.A,9H 
fElO.A) 


ILBFI 

TLBFI 

(LBF) 

tft-lrfi 

(HPI 


] 

i 


I 


I! 

I 


SJ‘»«0UTI>4E 


TS/T>, 


D»fmO  POONOi*/  f«»CE 


P  fN  k.6»<>JS 


1 


to 


n 


?s 


SUSI»0UI  IKl  f  PSC*FW«SI  ,V';MlP,«NP»OP,WP*OP,*0>(»tr>t*OVtl,SN*t1»«,CQ,CT 
I  rHPROP  .OPAr.P,  THPN,  TQPPOP,  PWRPPP,  El»p  » 

c 

C  PI«FO-PIfCM  PPnoELLEP  POOfl  tTLB  ?T!i  10-l^-Tn 

COUXON/CONS/CC.-t’O.PI  ,WKP 

COHN^N/  PP1P/0I»'<,  TnFAMn,TDP»ST,«*Kr»C 

coHiON/SHip/ftisPL  .&», » not  xNEo.srno*'; 

c 

»P»OP»VSMIP»i(*KP»C»&0  7»..  1/hO. 

< JiyPPOP/ • «N»P3>»0I AH) 
yu»0.7»PI»»NPR3»»ni AM 
A3yR>yPR0P/VU 

y«EL*S3«T  typ«OP«»?. ♦yu»»?. ) 

PHAnyR«  vPROP/yRft 
SHATyRi yu/ypF  l 
April  (PI  •0IAH»»’.  )  /*.. 

CALL  fPPHAP( ySMlP.tNPROP, SHADVR.Ca.CT I 

f  MPPOP*  (C  l»ARt  A»  I  H?n/ or  7?. »»(yREL/bO. At. 

JRA&PiSF DRAG* DRAG (V  SMI  PI 
tOFiTOFAHO 

IF(  tMPROP.Li .  a.  ji  rnf  =  I  ,iF  AST 

r  MPNI T  HPROP*  T  nr-DRAGP 

I  JPROP»  tCa»ARE  A»31AI»«  (n  ’O/GC/?.  I  •  t  OREL /bO  H.  8L 

HRRPRPiiaPROP'XRPROPFS^S?. 

EyA»»CT»yjn?.»»t»C3) 

rftjrn 

rsn 


SU<»OUfIHf 


o»*r*a  »ouNo«»/  T«»cf 


FTN  4.6**SS 


0? 


<5 


11 


15 


?5 


?5 


39 


J5 


49 


45 


59 


55 


SO«f<OvJT  iNt  f  »*P5»»I»SmIP,»N<»*OP,S*I*0«R,CQ.CT> 

Pne^-piTCM  pbopellcr  prRfo««*Nrt  m*p  ni«  ??2i  ia«i4-m 

01HEM5I0N  S0tTkSI42)  .CQlTkflmei  ,CTlT*Bf4:*> 

OIHfNSION  5C?TtR|41) ,CQ2T»P(41t ,CT?T55(41> 

3I'9£N5tON  SGJr*n|i.2>  ,CQ1T«AU2)  ,CT}T*ai47t 
aiNFNSl  ON  50i,Tt)(4tl  .CQ4TAai4tl  .CI4T»5I41» 

fOOR  OU*aR«NT  3PEN-N»TfR  0*T5  F 0*  NSROC  PROPELLER  NO  4475 


0*r»  SGIT»9/ 


.0080, 

.1093,  .7149, 

.3134, 

.7035, 

.7599,  .7708, 

.7971, 

.8818, 

.8976,  .9070, 

.9103, 

.9529, 

.9590,  .9648, 

.9701, 

.9916, 

.9959,  .9977, 

.9996, 

OAIA  laitA®/ 

-.1381, 

-.7753 ,-.7757,- 

.6315, 

-.7334, 

-.1847,-.  1453,- 

.1068, 

.0175, 

.0754,  .8375, 

.0477, 

•  1075, 

.1176,  .1775, 

.1873. 

. 1931. 

.7015,  .7099, 

.7181  , 

OAT*  CTITA5/ 

!-.  599 5,-1. 869  ,-1. 54  5,-1.  9  75, 
I-.l 319,., 7750, -.5997, -.4970, 
:  .0159,  .0913,  .1616,  .7195, 
;  .5917,  .6675,  .»,54»,  .8078, 
t  1.197,  1.745,  1.300,  1.557, 
OATA  SO'TAP/ 

;-l.  009, -.999  7  , -.9990, -.99  77, 
i-.9»97,  -  .  R’S!  ,-.979  l,-.96^8, 
;-. 9755, -.9181, -.910. 5, -.9070, 
-.8195,-.7971 ,-.7»08,-.7399, 
-.40 27, -.31 54, -.71 49, -.10 93, 
JAT4  CQ7TA9/ 

27  94, -.7  34  4, -.7407, -  .,’408, 
>.  1630, -  .  1569, -.1577, -  .1649, 
>.7718, -.7 575, -.74? 7, -.75 58, 
-.5461, -.57 70, -.49 55, -.43 98, 
-. 6693 , -.  7607 .-.6391 ,-.60  84, 
34IA  Cr?TAn/ 

>1.7  57, -1.76  5  , -1.78  1,-1. 778  , 
-.8534, -.8287, -.8551, -.9051, 
-1.  517,-1.589  ,-1.457,-1.52  5, 
-7.179,-7.  356,- 7.  560,-7.7  99, 
>4.  146.-4.  00  7  , -5.  97  3,-5.8  05, 
04T4  Si3rA«/ 

1.00  3, -.9997  ,-.9990, -.99  77, 
>.979  7, -.9  75 1, -.9701  ,-.9648, 
-.9755, -.9181 ,-.910 3, -.9067, 
-.83 1  7, -.8 195, -.  7 971  , -.5708, 
-.48 19, -.40 75, -.3 134, -.71 49, 
OAEA  Ca3T49/ 

-. 7794, -. 7777, -.7145, -. 7863, 
-.1459,.. 1346,-. 1779, -.11 17, 
-.019  7, -.  0  7*  5  , -.0169, -.01 1.5, 


.4027,  .4819,  .5508,  .6101, 
.8195,  ,8387,  .8557,  .8694, 
.9181.  .9755,  .9378,  .9398, 
.9751,  .9597,  .9859,  .9875, 
.9997,  1.800/ 

.5689, -.4 961, -.4110, -.3511,- 
.0744,-, 0480,-. 024?,-. 0040 , 
.0575,  .0676,  .0776,  .0877, 
.1469,  .1564.  .1659,  .1751, 
.7257,  .7370/ 

1.  718,-  1.445,.i.151,-.9658  ,- 
.3796. -.  774 1, -.  1751  , -.  0808  , 
.7817,  .3474,  .4055,  .4700, 
.8697,  .9361,  l.OOl,  1.065, 
1.400,  1.446/ 

.9959,-. 9936.-. 990«,-,9R75,- 
.95  9  0.-.95  2  9,-.  94  65,-.  939a.- 
.8976,-. 8818,-. 8694,-. 8522,- 
.70 35, -.6606.-. 610  I,-.  5508,- 
.0080/ 

.7  37?,-.7?7«,-.  2112,-.1977,- 
.1733.-.t8?7,-.l919,-.7008  ,- 
.265  8,-.  77  80  ,-.  7970,  -.  3067 
.4  79  7,-.  5247, -.5745,-. 62 31  .- 
.1381/ 

1.  250,-1  .  169,-1.  055,-.  9511 
.96  77,-1.0  40,-1.116,-1.183,-: 
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OUTPUT 


03/is/rs 


Nf)><£N;L  «  TJ<»t  I  T'Ji^aiNE  COM»JTFR  PROGR*" 


ftJVR  A3V4NCF  04TIO. 

ANt>i»3»  aa'^C'lUTE  V4LU'’  OF  propeller  SRFE3,  RPN. 

ca  P-<OPFLL'’R  rOROJE  coefficient. 

C2H4»  TaatF  OF  ca*s  FO?  4HE4D  aj4nR4NT. 

Cl’ra?  Tarsus  or  CO'S  ‘^OR  CR4SNB4:k  QU40R4NI. 

C0TT4I  T4^Lt  OF  CO'S  FOR  BaCKINS  aUA0R4NT. 

cawTAo  rapur  or  :a»s  for  crashaniAO  ouaorant. 

cr  propeller  thrust  COEFFiriENT. 

CTltaa  table  of  CT'S  for  AHEao  aUAOPANT. 

CT3TAB  table  of  r y . s  f qr  CRASHRACK  OUAORANT. 

CTIT4B  table  of  CT'S  for  BACKING  OUAORANT. 

CTLTAB  TABLE  OF  CT'S  FOR  CRASHAMEAO  QUARRANT. 

niAN  propeller  JIAHETER.  ft. 

OISPL  SHIP  OTSPL4CFNr^JT  INCLUOING  EnTRATNEO  MATER,  LBF*SEC**  ?/E  T , 
ON'^NG  OERI^ATIVE  OF  £^^CINE  OUTRJT  SREEO,  RPM/SEC. 

ORAGP  total  ship  resistance,  LRF. 

ORSHIP  PFRIWATIVE  OF  SHIP  velocity,  KNOTS/SEC. 

ERRB  BASE  ERROR. 

ETAP  ■R0P''LLER  efficiency. 

FRAOVR  «'IRST  HOOTFIEO  AOVANCE  RATIO. 

GC  GRAVITATIONAL  CONSTANT,  T2.17  L 9N*F T/ t BF*SEC** 2 . 

GR  REDUCTION  CEAR  RATIO. 

H’O  hater  OrNSITY,  b  2  .  <♦  LBH/rT**T. 

TOQTI  ON-PFE  SWITCH  FOR  ITFraTIIN  PRINT  STATNENTS. 

IPRT-»  ON-OEF  SWITCH  FOR  STEADY-STATE  PRINT  STATEMENTS. 

IPRTT  ON-OFE  SWITCH  FOR  TRANSIENT  PRINT  STATEMENTS. 

HOOF  (H00F=1)  IH»lIFS  STEAOY-STATE  CONDITION. 

<MOOE»2>  IMPLIES  TRANSIENT  CONOITION. 

NHAX  number  of  tNaER'’NOENT  VARIABLES  0®  BASF  ERRORS. 

NP4SS  ITERATION  COUNTER  DURING  CONVFRGENCE  ATTEMPTS. 

PI  constant,  J.lwlf,. 

PWREnC  engine  output  power,  HP. 

PW»L0SS  friction  LOSS  Of  POWER  IN  MECHANICAL  TRANSMISSION,  HP. 

PHRPRP  PROPELLER  POWER,  HP. 

PEACH  SHIP'S  HEAO  REACH,  Et. 

SGITAO  table  of  SMAOWR'S  FOR  AHEAD  QUADRANT. 

SG’TAB  table  of  SMAOVR'S  EO®  CRAsHBACK  OUAORADNT. 

SGTT4B  table  OF  SMAOVR'S  FOR  BACKING  QUADRANT. 

SGWTAB  table  of  SMAOVR'S  FOR  CRASHAMEAD  QUADRANT. 

SMAOVR  SECOND  M00IFIE3  ADVANCE  RATIO. 

SSi  SUM  OF  SOUAREO  E^i^ORS. 

SW'’  SCALED  fuel  flow  RATE,  THOUSANDS  OF  LBM/HR. 

SYNENG  scaled  ENGINE  OUTPUT  SPEE3,  THOUSANDS  OF  RPM. 

THPN  NET  PROPELLER  THRUST,  LBF. 

ThpROP  propeller  THRUST,  LBF. 

TIME  ELASPED  TIME,  SEC. 

TOLER  tolerance  OF  CONVERGENCE  TESTK. 

TQFNG  ENGINE  OUTPUT  TORQUE,  fy-LBE. 

TQPRO*  PROPELLER  TORQUE,  ET-LBE. 

TSTE»  TIME  INCREMENT  DURING  TRANSIENT,  Sfc. 

UBHPPT  unbalanced  HORSEPOWER  PER  ENGINE,  HP, 

VAR  INOEPENOENT  VARIABLE. 

v“ROP  propelifr  speed  oe  advance,  FTEMIN. 
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SHIP  VELOCITT,  knots. 

VSOLl  SHIP  tTELOSrrr  DOPING  PPETIOUS  TINE  INCRENENT,  KNOTS. 

NE  FJEL  FLOW  RATE  PER  ENGINE,  LBN/HR. 

XI  DRITE  IR»IN  INFRTIA(XIL01  OR  XIL02I  REFERRED  TO  ENGINE 

OUTPUT  SPEEQ,  RPN. 

XILOl  ORITE  TRAIN  INERTIA  FOR  ONE  ENGINE  OPERATION,  LBN-FT»»2 

XIL02  ORIVF  train  INERTIA  FOR  TNO  ENGINE  OPERATION,  LBN-FT»»2 

X<»  NECMANICAL  equivalent  of  power,  5S0  FT-C8F/SEC/HP. 

XNENS  ENGINE  OUTPUT  S»EEO,  RPM, 

XNFO  NUNBEr  of  engines  OPERATING. 

XNOLD  ENGINE  OUTPUT  SPEEO  DURING  PREVIOUS  TINE  INCREMENT,  RPM 
XNQRNt  NORMALITING  VALUE  USED  IN  POWER  BALANCES. 

XNORH?  normalizing  value  used  in  thrust  balances. 

XNPROP  propeller  rotational  SPEEO,  RPM. 


BZ  CAROS  REPRODUCED 


CAROS  PUNCHED  B1 
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APPENDIX  D 

SAMPLE  OF  A  STEADY-STATE  CALCULATION 
AND 

A  TRANSIENT  CRASHBACK  SIMULATION 


fREOSDlNC  FiOC  m  AKjf 
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ETAP  propeller  EFFICIENCT  .7058Ff00 
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